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RPECVD : Comparisons between Conduction/Valence Band Offset Energies and Optical
Band Gaps (Under the direction of Professor Gerald Lucovsky)

Aggressive scaling of devices has continued to improve MOSFET transistor
performance. As lateral device dimensions continue to scale down, gate oxide thickness
must be scaled down, too. According to the 2001 International Technology Roadmap for
Semiconductor (ITRS) for sub-micron technology, an equivalent oxide thickness (EOT)
less than 1.0 nm is required. However, SiO2 reaches its scaling limit due to high
tunneling current at this thickness. The use of high k gate dielectrics is a possible
solution since physically thicker dielectrics can be used to reduce gate leakage while
maintaining the same level of inversion charge. As one of the promising high k gate
oxide materials, HfO2 and its silicates were investigated to understand their direct
tunneling behavior by studying conduction and valence band offset energies with
spectroscopy and electrical characterization.
Internal structure and local bonding change of remote plasma deposited
(HfO2)x(SiO2)1-x alloys were characterized by Fourier transform infrared (FTIR)
spectroscopy, x-ray photoelectron spectroscopy (XPS), and Auger electron spectroscopy
(AES) as a function of alloy composition, x. These films were deposited at 300oC onto Si
substrates by remote plasma enhanced-metal organic chemical vapor deposition (RPEMOCVD) process. Two different precursors were tested to have amorphous deposition.

The as-deposited film with Hafnium Nitrato was crystalline, and the one with Hafniumtert-butoxide showed amorphous phase upto 600oC annealing by FTIR and x-ray
diffraction (XRD). Film composition was determined off-line by Rutherford
backscattering spectroscopy (RBS) and these results were calibrated with on-line AES.
FTIR measurements were performed to show the internal structural change with
composition and temperature. Films with x = 0.2, 0.54, 0.85 and 1.0 were amorphous as
deposited.

FTIR and XRD showed phase separation of 84 % HfO2 at 900oC. As-

deposited and 900oC annealed alloys were compared by FTIR, and their changes in
absorbance spectra are interpreted by aspects of local bonding which is discussed as a
basis for the bonding model that describes systematic changes in amorphous morphology
and bonding coordination with composition. This bonding model identified donoracceptor pair bonds in SiO2 rich alloys and their systematic replacement by ionic Hf-O
bonds with increasing x.
Following R. T. Sanderson’s partial charge transfer model based on the principle
of electronegativity equalization, atomic partial charge was calculated for Hf, Si and O as
a function of x. Linear decreases of partial charge calculation in Hf and Si, and linear
increase in O as a function of x were observed. As deposited Hf-silicate alloys were
characterized by off-line XPS and on-line AES for their chemical shifts, which are
interpreted with a partial charge transfer model as well as coordination changes. 900oC
annealed Hf-silicates showed chemical phase separation with XPS O 1s spectra changes.
Combining AES O KVV and XPS O 1s spectra on as-deposited Hf-silicates, an empirical
model for the change of valence band offset energies as a function of composition was
developed. Non-linear sigmoidal dependence of valence band offset energies reflected

sigmoidal characters of XPS O 1s and AES O KVV chemical shifts. Conduction band
offset was calculated from O K1 edge spectra of x-ray absorption spectroscopy (XAS)
based on ab-initio calculations in our group. Hf 5d* state is fixed at the bottom of the
conduction band and located at 1.3 + 0.2 eV above the top of the Si conduction band.
Optical band gap energy changes were observed with vacuum ultra violet spectroscopic
ellipsometry (VUVSE) to verify compositional dependence of conduction and valence
band offset energy changes. Band gap energy was significantly decreased for x = 0.5 and
slightly decreased for x = 1.0. Sigmoidal dependences of Si 3s* and Hf 5d* energies were
not related to each other linearly. A better experimental fit occurs by weighing Si 3s*
states more heavily.
Tunneling current, which was 1 nm EOT normalized, with Wentzel-KramerBrillouin (WKB) simulation based on the band offset study and Franz two band model
showed the minimum at the point near x = 0.6, which matched with the experimental data.
The non-linear, i.e. lower bowing, trend in tunneling current was observed because the
increases in physical thickness were mitigated by reductions in band offset energies and
effective mass for tunneling. Capacitance vs. voltage (C-V) curves on Hf-silicates were
compared to each other, and more hysteresis was observed with increasing x. Localized
Hf 5d* state as a trap site was the reason for hysteresis and its reverse direction with
temperature-dependent C-V curves. Positive fixed charge in Hf-silicates was confirmed
by the negative slope on the flat band voltage vs. equivalent oxide thickness (EOT) plot.
Leakage current mechanism was identified as Poole-Frenkel tunneling. Temperaturedependent leakage current vs. voltage study located Hf 5d* state by calculating activation
energy. To suppress EOT instability during the process, nitridaiton was performed at the

bottom interface or on the surface of Hf silicate dielectrics. Surface nitridiaion resulted
in 10 % lower EOT than un-nitrided films, while interfacial nitridaion gave more
effective reduction (~2 nm) in EOT. Interfacial nitridation effectively removed positive
charges from the interface between substrate and dielectric.
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CHAPTER 1. Introduction

1.1. Scaling of Gate Oxide

Thermally grown oxide (SiO2) has been used as a gate dielectric material for
integrated circuit (IC) application due to its superior properties compared to other oxides.
Its simple processing and good insulator properties, like low surface state density ~ 1-2 *
1010 (eV-cm2)-1 and large energy gap (~ 9 eV) and few trap states at the interface, are
major reasons why thermally grown oxide was used for so long a time, since 1960s. The
devices have been aggressively scaled down to meet the demands for improved transistor
performances, and IC density has been quadrupled every three years [1-3]. The
Semiconductor Industry Association (SIA) regularly issues a guideline for future
technology development, which is called the National Technology Roadmap for
Semiconductors (NTRS). From the 2002 International Technology Roadmap for
Semiconductors (ITRS) [4], which is a new name for NTRS after international companies
joining, an equivalent oxide thickness (EOT) less than 1.0 nm is needed for a high
performance microprocessor for sub 50 nm technology node. However, device scaling
down with conventional SiO2 encounters a serious problem. Even though transistors with
13 – 15 Å thick gate oxide are still usable for high performance applications, they show
high gate leakage current density (1 – 10 A/cm2) and may not be proper for low power
applications because high direct leakage current reduces the ratio of on-state to off-state
current [5-8]. Figure 1.1 shows experimental gate oxide tunneling currents for various
oxide thicknesses from 1.4 nm to 3.5 nm [40]. To reduce off-state direct leakage current
1

due to direct tunneling through gate oxide and maintain a capacitance that is equivalent to
that obtained with a SiO2, alternative high dielectric gate oxide materials are investigated.

Simple mathematical explanation can be done using electrical relations. The metal oxide
semiconductor field effect transistor (MOSFET) has three main components; source, gate
and drain. The gate stack of the MOSFET is a simply metal oxide semiconductor
capacitor. For a parallel plate capacitor the charge on plate, Q, is proportional to the
applied voltage, V as following
Q = CV

eqn 1-1

where capacitance C is a proportional constant. The capacitance has following relation
with area and separation between plates
C = ε ok(A / d)

eqn 1-2

where εo is the permittivity of free space, k is the dielectric constant, A is area and d is
the separation between plates.

Current in n-MOSFET flows from drain to source. If the current per unit area, J, is
assumed constant across a cross-sectional area, a, in the channel perpendicular to the
current flow direction, then there is a relation between current and current per unit area as
follows [10, 11]

I D = Ja

eqn 1-3

J = ρv

eqn 1-4

where ID is drain current.

2

where ρ is charge density and v is velocity.
v = µE

eqn 1-5

where µ is the charge mobility and E is the electric field in the channel. Then, finally
I D = [ µZ (k / d )V g ]E

eqn 1-6

where Z is the channel width and (k/d) is the capacitance per unit area and Vg is the gate
voltage. From the above relation, smaller lateral dimensions require increased
capacitance per unit area to maintain drive current. With high dielectric material, physical
gate oxide will be thicker to reduce direct tunneling leakage and maintain same
capacitance. In other word, maintaining same capacitance shows
d physical = (k / 3.9)d EOT

eqn 1-7

where dphysical is physical thickness of high dielectric material, dEOT is SiO2 equivalent
oxide thickness and 3.9 is the dielectric constant of SiO2.

1.2. Alternative High Dielectric Constant Materials

1.2.1. General Material Properties

Provided that band offsets are sufficiently large, physically thicker layers can be
used to reduce gate leakage current and make the further device scaling possible.
However, we need to consider more than just the dielectric constant to get the ideal
material [12]. A couple of necessary considerations are (i) thermal stability with silicon to
avoid improper interface reaction and chemical phase separation or crystallization [13],
3

(ii) band gap and band offset with silicon and gate electrode to determine tunneling
barrier, and (iii) interface with silicon to have proper value of interface trap density (Dit)
and fixed charge (Qf). Ta2O5 [14-16] and TiO2 [17] shows high dielectric constant, but
they are thermally unstable with Si at high temperature. Recently, Group IV A (Hf and
Zr) metal oxide and their silicates have received significant attention due to their thermal
stability and large barrier heights [18-38]. But most promising material, HfO2 and Hf
silicatate, also have major problems. Off-stoichiometry of HfO2 has an oxygen transport
and interfacial trapping and large interface defect > 1013 cm-2. Hf silicate has strained HfO bonds, which makes bulk defects with positive fixed charge, and asymmetry in
threshold voltage [39]. In spite of several years’ research, there is no high dielectric
constant alternative dielectric emerged yet.
Generally, as the dielectric constant increases the band gap tends to decrease. The
band gap is related to the local electronic states associated with the composing elemental
members of the material. Figure 1.1 and table 1.1 show these properties with a couple of
examples from references [40, 41]. J. Robertson [42] uses Schottky barrier height theory
with crystalline dielectrics and shows conduction band offset and valence band offset,
and S. Miyazaki [43] shows similar values from amorphous dielectrics.
There is fundamental difference in electronic structures between SiO2 and
transition metal oxide and their silicates [44]. An additional nd state is present between
the valence band and the conduction band in transition metal oxide. The principal
quantum number for this state is lower by one from the (n+1)s state at the conduction
band, and the energy level of nd state is lower than (n+1)s state. In SiO2, the conduction
band is made of oxygen 2p anti-bonding state and the valence band is made of oxygen
4

2p-π non-bonding state. But in transition metal oxides like HfO2, ZrO2 and Y2O3,
localized d anti-bonding states be between the conduction band and valence band. Due to
localized d states, the conduction band edge in transition metal oxide is lower than that of
non-transition metal oxide. And it lowers the conduction band offset with silicon and
decreases the band gap [45, 46]. These electronic structure differences impact
significantly on direct tunneling, interfacial fixed charge, interface and bulk traps, carrier
injection, reliability, etc. Figure 1.2 is a schematic feature of electronic structure of SiO2
and transition metal oxides.
Amorphous morphology of non-crystalline oxide dielectrics is categorized to
three different states based on bond ionicity from Pauling’s electronegativity difference
among the oxide composing elements [47, 48]. Bond ionicity will be discussed at the next
subsection. The first category is continuous random networks (CRNs) as exemplified by
SiO2 with predominantly covalent bonding between constituent atoms. In continuous
random networks, each atom is bonded according to its primary chemical valence, like
four fold coordinated Si and two fold coordinated oxygen in SiO2 with ∆X < 1.6. It is
known that the bonding defect of CRNs is related with the average number of
bonds/atom, Nav, and the average number of bonding constraints/atom, Cav. Ideal bulk
glass formation is obtained by matching Cav to the dimensionality of the network, Cav ~3,
for three dimensional CRNs. For CRNs, Cav is directly proportional to Nav by the
following relationship,

C av = 2.5 N av − 3

5

eqn 1-8

This equation is derived from the relations between bonding coordination and the number
of valence bond-stretching and bond-bending constraints that apply. The second category
is modified continuous random networks (MCRNs) where metal atom ionic bonds disrupt
and modify the covalently bonded CRN structures. Silicate alloys are examples. The third
one is random close packed (RCP) non-periodic solids comprised entirely of negative and
positive ions like ZrO2 and HfO2. In going from CRN to RCP, there are some trends; (i)
dielectric constants increase, (ii) oxygen and metal atom coordination increases and (iii)
thermal stability against phase separation and crystallization decreases.

1.2.2. Bond Ionicity and Dielectric Constant

As indicated above, bond ionicity is based on the electronegativity difference of
the constituent atoms. Electronegativity has been demonstrated as a useful tool to help
expect important physical and electronic properties of materials [49]. It can be related to
the coordination of the oxygen atom, crystallization temperature and interface properties.
Figure 1.4 shows the correlation of the average bond ionicity and oxygen atom
coordination [49]. Bond ionicity is an important aspect of local electronic effect that will
be discussed later with the observed core-level chemical shift by XPS with
(HfO2)x(SiO2)1-x alloys. Table 1.2 classifies of dielectrics with electronegativity, bond
ionicity and coordination number [49]. Bond ionicity, Ib, is determined from atomic
electronegativity differences through an empirical relationship introduced by Pauling
[47]. For a binary system the Pauling’s empirical definition of bond ionicity is show as
I b = 1 − exp[−0.25 * (∆X ) 2 ]
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eqn 1-9

As said above, bond ionicity can be related to the crystallization temperature and
the amount of charge at the interface. SiO2, which is a CRN and Ib = 0.45, cannot be
crystallized below its melting temperature of more than 1600oC, and Al2O3, which is an
MCRN and Ib = 0.57, crystallizes at 900oC for a 30 second anneal in Ar, and Ta2O5,
which is a RCP and Ib = 0.61, crystallized at 800oC for a 30 second anneal in Ar. Most of
these results come from bulk materials. However, crystallization is expected to be
dependent on the film thickness and quantitatively different when the film thickness
comes near to the crystallite size. Regarding the charge at the interface with Si substrate,
the metal center will display enough effective charge that the interface will not be neutral
any more if there is enough ionization [49]; negative fixed charge for Al2O3 [50, 51] and
positive fixed charges for some IIIB and IVB oxides like ZrO2, Y2O3 and (Y2O3)x(SiO2)1x.

If it is assumed that the response of the system to an applied field is linear, then
this excludes ferroelectricity from discussion, but otherwise is no real restriction provided
the field strengths do not become extremely large [52]. As a further simplification it can
be supposed that the medium is isotropic. Then the induced polarization P is parallel to
electric field E with a coefficient of proportionality that is independent of the direction :

P = χeE

eqn 1-10

the constant χe is called the electric susceptibility of the medium. The displacement field
D is therefore proportional to E,
D = kE

where
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eqn 1-11

k = 1 + 4πχ e

eqn 1-12

k is called the dielectric constant or relative electric permittivity. Dielectric constant k is
the frequency dependent dielectric function. It is clear that a bond ionicity increase results
in an increase of the dipole moment per unit volume when an electric field is applied
because the more ionic a bond is, the weaker the bond strength is, and it becomes more
polarized; for example, SiO2 is known to have more covalent bond and dielectric constant
k is 3.9, but HfO2 is known to have a more ionic bond than SiO2, and its dielectric
constant is approximately 24 [41].

1.3. Partial Charge with Bond Ionicity

R. T. Sanderson developed the empirical method to evaluate bond ionicity, though
it does not show precise value like other methods, by calculating partial charge based on
the principle of electronegativity equalization which says that an intermediate value
between the electronegativities of two chemically bonded atoms is reached [53]. This
intermediate value is assumed from the geometric mean of the individual
electronegativities of all the constituent atoms that make the compound formula. It is
defined that partial charge as the ratio of the change in electronegativity undergoes by an
atom in joining the compound to the change it would have undergone in acquiring or
losing one electron. For the empirical bond ionicity, there are two assumptions; one is
that partial atomic charge is a linear function of electronegativy, and the other is that the
bond in a molecule of NaF is 75% ionic. The latter is arbitrary to get reliable relative
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values of charge. With the above assumptions, empirical partial charge was calculated
with following formula,
1

(S x S y S z ) ( x + y + z ) − S A
δA = A B C
2.08S Ax

eqn 1-13

where

δA : partial atomic charge
SA, SB, SC : electronegativities of constituent atoms
Ax, By, Cz : alloy composition
2.08 comes from the arbitrary mathematical procedure from the partial calculation with
NaF. In this model, charge is transferred between A, B and C until all the atoms have the
same electronegativities. Partial charges of Hf, Si and O in pseudo-binary oxide
(HfO2)x(SiO2)1-x were calculated following Sanderson’s method. Figure 1.5 was drawn
from the value of pure oxides, HfO2 and SiO2. From the calculation, the value of O is
negative, but it is drawn at the positive side for the graphical convenience.

1.4. Overview of the Dissertation

As mentioned previously, there are many research issues: dielectric constant,
thermal stability and band offset energies with respect to Si, etc. Among them, thermal
stability of bulk internal structure, band offset energies with respect to Si will be mainly
addressed throughout the dissertation with spectroscopic and electrical results. During the
device process, devices will suffer lots of thermal budget up to ~1100oC and the internal
structure of alternative high dielectric gate oxide will be changed. The chemical approach
9

was done with spectroscopic investigation because the advantage of the spectroscopic
approach is that it emphasizes the importance of the local bonding of an atom in
determining electronic structure. Amorphous state of gate oxide is ideal from the leakage
point of view. In many amorphous solids the atoms retain to a large extent of the same
local environment as in crystals. Therefore, many of the important features of electronic
structure are not strongly affected by the disorder. As the gate oxide film gets physically
thicker with high dielectric constant there is more possibility of reduction of direct
tunneling leakage. But this advantage may be mitigated by the decrease of the effective
band offset energies. The tunneling current depends on the barrier height for tunneling.
Equation 1-14 illustrates the tunneling possibility, T, quantum mechanically through a
square barrier of thickness, t, with a barrier height of Eb, and a tunneling electron mass,
m*,
4π 2 m *
T ~ exp(−2t[
E b ] 0.5 )
h

eqn 1-14

where h is a Plank’s constant [54].

Chapter two provides a description of all the source materials and the
experimental techniques used in the fabrication and evaluations of the materials.

In chapter three, thermal stability of Hf-silicate films will be shown with FTIR
spectroscopy and XRD. An in-depth investigation into the chemical properties of Hfsilicate films will be discussed. XPS and AES will be addressed here with Sanderson’s
empirical bond ionicity and partial charge theory.
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In chapter four, some final words with conclusions and future directions for high
dielectric gate oxide material research are suggested.
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Figure 1.1 Measured and simulated gate leakage currents for SiO2 dielectrics [40]

Figure 1.2. Conduction and Valance band calculations for high K gate dielectric
candidate materials [41]
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Figure 1.3. Relative orbital energies of SiO2, and a group IV B transition metal oxide in
an octahedral bonding geometry with six oxygen atom neighbors [48]
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18

1.0

(HfO2)x(SiO2)1-x

Calculated Partial Charge (e)

0.9

Hafnium

0.8
0.7
0.6
0.5
0.4

Silicon

0.3
0.2

Oxygen

0.1
0.0
0.0

0.2

0.4

0.6

0.8

1.0

Alloy Composition, x
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Materials

Dielectric Constant (K)

Band Gap (eV)

CB Offset (eV)

VB Offset (eV)

SiO2

3.9

8.9

3.5

4.4

Si3N4

7

5.1

2.4

4.4

Al2O3

9

8.7

2.8

4.9

Y2O3

15

5.6

2.3

2.6

La2O3

30

4.3

2.3

2.6

TiO2

80

3.5

Ta2O5

26

4.5

0.3

3.0

HfSiO4/

13-26

1.5

3.4

ZrSiO4
HfO2

25

1.5

1.5

3.4

ZrO2

25

3.4

1.4

3.3

Table 1.1. Key properties of high k dielectric oxides, SiO2 and Si3N4 [40, 41]
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∆X

Ib

Coordination
(Metal/silicon)

Coordination
(Oxygen)

1.54

0.45

4

2.0

1.84

0.57

3.0

Ta2O5

1.94

0.61

TiO2
(ZrO2)0.1(SiO2)0.9
(ZrO2)0.23(SiO2)0.77
(ZrO2)0.5(SiO2)0.5
(TiO2)0.5(SiO2)0.5
(Y2O3)1(SiO2)2
(Y2O3)2(SiO2)3
(Y2O3)1(SiO2)1
(Al2O3)4(ZrO2)1
(Al2O3)3(Y2O3)1
Random close
packed ions
HfO2
ZrO2
(La2O3)2(SiO2)1
Y2O3
La2O3

1.90
1.61
1.70
1.88
1.72
1.88
1.93
1.99
2.02
1.97

0.59
0.48
0.51
0.59
0.52
0.59
0.61
0.63
0.64
0.62

4 and 6 (3:1
ratio)
6 and 8 (1:1
ratio)
6
8 and 4
8 and 4
8 and 4
6 and 4
6 and 4
6 and 4
6 and 4
4 and 8
4 and 6

3.0
2.2
2.46
3.0
2.5
2.86
3.0
3.11
3.0
3.0

2.14
2.22
2.18
2.22
2.34

0.68
0.71
0.70
0.71
0.75

8
8
6 and 4
6
6

4.0
4.0
3.5
4.0
4.0

Dielectric
Continuous ranom
network
SiO2
CRNs with
network modfier
Al2O3

2.8

Table 1.2. Classification of dielectrics with electronegativity, bond ionicity and
coordination [54]

21

CHAPTER 2. Material Deposition and Characterization of (HfO2)x(SiO2)1-x Alloy
System by RPECVD

2.1. Hafnium Oxide and Silicates Deposition

2.1.1. Remote Plasma Enhanced Chemical Vapor Deposition (RPECVD)

Remote Plasma Enhanced Chemical Vapor Deposition (RPECVD) [1] system
was used to deposit HfO2, SiO2 and Hf-silicate oxide films in this research. Our group
has been used this system for oxide deposition, nitride and their mixtures deposition [2,
3]. Remote plasma processing is done differently with conventional or direct plasma
processing because remote plasma does not contact substrate directly. For that reason,
damage on the substrate surface can be avoided from plasma contact. This system
provides a way to selectively activate gases by isolating the plasma to a certain area and
gases to be excited are injected through a quartz plasma tube and the other source gases
through either a shower-head ring or an aluminum injector located at the sides of the
chamber. As mentioned above, plasma is away from substrate and deposition occurs
outside the glow region. Plasma power was 30 W at 13.56 MHz. With this plasma the
substrate temperature could be held at low temperature about 200 ~ 300oC by halogen
lamps, which desorbs organics remaining on the surface after wet cleaning and avoid
thermal oxide deposition by ambient oxygen. Temperature was calibrated by k-type
thermocouple (TC). The source gases do not flow back into the plasma region by a
combination of pressure differential and gas flow. Usually oxygen, nitrogen, nitrous
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oxide, ammonium and helium are flown through the plasma tube and excited. 2 % helium
diluted silane was used to deposit SiO2 and Hf-silicate. For high k materials, source
materials contained in a bubbler were delivered through injectors. Hf-silicate film
composition was controlled by changing pressure just above the source material. Prior to
the oxide deposition, surface cleaning was done in a H2O/HF (50:1) solution to remove
the superficial native oxide. AG minipulse 310 rapid thermal annealing (RTA) apparatus
was used for ex-situ annealing. A cantilever-type TC (SensArray Corporation) in contact
with a Si coated graphite susceptor was used to control RTA temperature. Figure 2.1 is a
schematic of the remote plasma enhanced chemical vapor deposition chamber. A detail
deposition condition is in table 2.1.

2.1.2. Hafnium Source Materials

There were two different Hf source materials used for this research. The first is
Hf-Nitrato source, Hf(NO3)4 [11] from the chemistry department at University of
Minnesota. This material is powder and was sublimated at high temperature about 60oC
for delivery to the deposition chamber. Helium was used for a precursor delivery gas. The
other is Hf-t-butoxide from Strem co. [7], Hf[CO(CH3)3]4, which is a liquid, and was
heated at 20oC. Helium as a carrier gas is passed through the liquid source and causes
some of the liquid molecules to evaporate and transport. A schematic feature for the
chemical structure of these two different source materials is shown at figure 2.2.

2.1.3. Bubbler system
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The source materials were housed in an Schumacher [4] BK1200SSZ for HfNitrato, and BK500SSN for Hf-t-butoxide. These bubblers are stainless steel containers
and are heated in Dow Corning silicon fluid filled bath controlled by NESLAB [6] RTE211. The pressure above the source material in the bubbler determines the amount of
vapor that can be evaporated or sublimated combining with container temperature. As the
operational theory is known at the reference, when the pressure above the source material
is increased evaporation occurs less and deposition rate is decreased [8]. Absolute
Baratron and a needle valve were used to regulate the pressure. Figure 2.3 simply
illustrates the gas delivery system from bubbler to the deposition chamber.

2.2. Characterization Systems

2.2.1. Auger Electron Spectroscopy and Rutherford Backscattering Spectroscopy

Auger electron spectroscopy (AES) and Rutherford backscattering spectroscopy
(RBS) were obtained to calibrate Hf-silicate film composition. In-situ AES was used to
check the film composition and quality, and ex-situ RBS was done to calibrate the
composition with AES at Charles Evans & Associates in California. AES was performed
with a Physical Electronics 11-010 5 kV electron gun control, 10-155 cylindrical mirror
analyzer (CMA), 32-150 digital analyzer control, 137 PC interface board assembly, 96A
V/f preamplifier, 32-100 electron multiplier power supply, and the software interface
program AES_CGA. Its base pressure is about 4 x 10-10 Torr. RBS analytical conditions
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are as following; He++ ion bean energy is 2.275 MeV, normal detector angle is 160o and
grazing detector angle is 107o. RBS spectra are acquired at backscattering angles of 160o
and 107o with the sample perpendicular to the incident ion beam. Spectra are acquired
with the sample in a rotating random orientation, that is, while the sample normal is
processed about the incident ion beam. As a consequence, inadvertent channeling of the
incident ions in the Si substrate is avoided and the signal from the substrate can be used
as an internal reference.

RBS result for the pseudo-binary oxide, (HfO2)x(SiO2)1-x, showed that it is fully
oxidized; there is no Hf-Hf, Si-Si or Hf-Si bonding exists in the film. It can be rewritten
as HfxSi1-xO2, where oxygen is 66.7 % and Si (%) + Hf (%) is 33.3 %. Hf NVV and Si
LVV peaks were used to check the composition. Their peak-to-peak ratios of derivative
AES spectrum were used to check the composition. RBS-AES calibration is shown in
figure 2.4. Experimental uncertainty is 0.03 (3 %), which is the horizontal error bar. For
RBS-AES calibration, the Hf NVV peak, which is near 78 eV, is used. And AES
uncertainty is about 0.01, which is assumed to be less than RBS uncertainty and comes
from the repeated measurement on end-member oxides. Auger electron intensity, IX, for
ijk transition of atom X is proportional to the number of atoms X per unit volume, CX
with the following relation [9];
IX = αCX

eqn 2-1

Where α is the proportional constant, which contains other contributing factors. The
linear relationship was acquired in the figure as the above relationship.
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2.2.2 X-ray Photoelectron Spectroscopy, Soft X-ray Photoelectron Spectroscopy and
X-ray Absorption Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) and Soft X-ray Photoelectron
Spectroscopy (SXPS) with synchrotron radiation were used to check the chemical peak
shift of O 1s, C 1s, Hf 4d, Hf 4f, and Si 2p core levels. For XPS measurement, Riber
LAS-3000 spectrometer with non-monochromatic Mg Kα radiation with energy of
1253.6 eV and a pass energy of 20 eV, was used in the Analytical Instrumentation
Facility in the department of Materials Science and Engineering. The spectral resolution
was about 1 eV. The base pressure for the XPS system was about 3 x 10-10 Torr.
Measured peaks were calibrated with C 1s peak at 284.6 eV from carbon contamination
on the film surface. From the repeated measurement of pure oxides, HfO2 and SiO2, the
peak position was found within 0.2 eV.

Soft X-ray Photoelectron Spectroscopy measurement [10] was performed at the
U4A beam line of the National Synchrotron Light Source (NLSL) in Brookhaven
National Laboratory at Long Island, New York. The U4A beam line includes a 6 m
spherical gratin monochromator that produces photons between 10 and 250 eV. Data
were obtained at photon energies of 130 eV and 170 eV. The instrumental resolutions at
these photon energies were approximately 0.2 eV and 0.5 eV. Photoelectrons were
detected with a VSW 100 mm hemispherical analyzer fixed at 45o relative to the photon
beam axis. Measurements were taken at normal takeoff (figure 2.5).
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X-ray Absorption Spectroscopy (XAS) [13] was performed also at Brookhaven
National Laboratory. It refers to the region of an X-ray absorption spectrum where the
absorption coefficient exhibits an oscillatory pattern as a function of photon energy. A
core electron absorbs sufficiently large photon energy to overcome its ionization energy
and, with the excess photon energy, escape into the continuum where the ejected
photoelectron can be visualized as an outgoing wave originating and propagating away
from the absorbing atom. The interaction between outgoing wave and an incoming wave
creates a pattern of constructive and destructive interference as the photon energy is
increased. A constructive interference between the two waves results in a local maximum
peak whereas a destructive interference gives a local minimum peak at the spectrum data.
Because the oscillation of the X-ray absorption coefficient is a direct consequence of the
interactions between the photo-absorbing atom and its surrounding environment, XAS
provides information leading to structural characteristics of the photo-absorber and its
local environment.

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Diffraction
(XRD)

IR absorption measurement was performed to detect internal structure change
with different annealing temperature. Mid-IR (4000-400 cm-1) and far-IR (600-100 cm-1),
measurements were performed with a Nicolet 750 spectrometer in transmission mode
with a resolution of 4 cm-1. The spectrometer utilizes a He/He laser for optical bench
alignment, which was performed prior to data collection. Mid-IR measurement used a
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DTGS detector with a KBr window and a KBr beam splitter. Far-IR used a DTGS
detector with a polyethylene window and a Si substrate beam splitter. Double side
polished Si (100) wafer was used for this measurement. 50:1 (H2O:HF) HF solution was
used to etch out native oxide on the silicon substrate. Background spectrum was
subtracted from a reference sample, which does not have any deposited oxide. One side
of the substrate was chemically roughened to prevent internal reflection errors. Film
thicknesses were over 100 nm. For XRD measurement, Bruker Angular X-ray
Spectroscopy (AXS) and Rigaku x-ray diffractometer were used to detect any internal
structure change as with FTIR. The beam energy was 30 keV with a current of 20-30 mA.

2.2.4. Electrical Measurement

Metal-oxide-semiconductor (MOS) structures with Hf-silicates and pure oxides
were studied because an understanding of the MOS capacitor is central to understanding
of metal-oxide-semiconductor field effect transistors (MOSFET), which are used for
most electronic devices. Similarly a p-n junction is a fundamental structure for bipolar
transistors. Field isolated capacitors were fabricated on 0.05-0.08 Ω-cm phosphorous
doped Si substrates. Gate last process was done to make capacitor, which means that
aluminum gate was deposited after forming gas anneal with 10 % H2 in N2 at 400oC to
minimize Dit. More detailed process flow with conditions will be shown at the Appendix.
HP 4284A LCR meter and HP 4140B were utilized for gate oxide capacitance and
leakage measurement. Dielectric constant, flat band voltage, equivalent oxide thickness
etc, were calculated from capacitance data. Gate oxide leakage is an important issue for
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device reliability and also the main reason for why high dielectric gate oxide is needed.
All electrical measurements were performed on a Material Development Corporation
system with version 1.492 software interface program. HP 4284A LCR meter with
different frequency between 10 kHz to 1 MHz was used. Leakage measurement with HP
4140B voltage source with a pico-ammeter and voltage ramp of dV/dt = 0.05 V/sec was
performed. All measurements were performed in a light tight box.
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Hf Source

Figure 2.1. Remote Plasma Enhanced Chemical Vapor Deposition (RPE-CVD) chamber
for deposition. The shower head ring above the substrate for silane has been left out for
clarity.
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a) Hafnium Nitrato, Hf(NO3)4
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b) Hafnium-tert-butoxide, Hf[CO(CH3)3]4
Figure 2.2. Schematic chemical structure of Hafnium source materials
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Figure 2.3. RPECVD system with source gas delivery schematic.
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Figure 2.4. RBS-AES calibration for (HfO2)x(SiO2)1-x composition.
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Figure 2.5. Schematic of Soft X-ray Photoelectron Spectroscopy
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Oxidation of Si
Substrate
Nitridation of
RPAO
SiO2
HfO2
Hf0.11
silicate
0.26
0.54
0.79

He
(200sccm)

O2
(20sccm)

Plasma

Plasma

Plasma
(160 sccm)
Plasma
Plasma
Plasma

Plasma
Plasma
Plasma

Plasma
Plasma
Plasma

Plasma
Plasma
Plasma

N2
(60
sccm)

Hf Nitrato
He
(20sccm)

60oC
Pressure

Hf-t-butoxide
He (20sccm)

20oC
Pressure

SiH4
(Ring)

Process
Pressure

Temperature

RF Power

0.3 Torr

300oC

30 Watt

300oC
300oC
300oC

30 Watt
30 Watt
30 Watt

300oC
300oC
300oC

30 Watt
30 Watt
30 Watt

Plasma
10 sccm
Injector

36 Torr

Injector
Injector

30 Torr
30 Torr

0.7 sccm

0.3 Torr
0.3 Torr
0.3 Torr

Injector
Injector
Injector

30 Torr
30 Torr
30 Torr

1.5 sccm
4.5 sccm
10 sccm

0.3 Torr
0.3 Torr
0.3 Torr

Table 2.1. Remote Plasma process conditions. (i) Plasma refers to gas injected through the quartz plasma tube and excited by the RF
power, (ii) Injector refers to metal organic vapor in a He carrier gas injected through the heated injectors, (iii) Ring refers to gas
injected through the shower head ring and (iv) Pressure in the metal organic columns refers to the pressure maintained in the bubbler
containers.
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CHAPTER 3. Conduction/valence Band Offset Energies of (HfO2)x(SiO2)1-x Alloy
Systems with Spectroscopic Study and Electrical Characterization

3.1. Spectroscopic study

3.1.1. FTIR and XRD

In a molecule, the atoms are not held rigidly apart. Instead, they can move as if
they are attached by a spring with an equilibrium separation. This bond can either bend or
stretch. If the bond is subjected to infrared radiation of a specific frequency (between 300
- 4000cm-1), it will absorb the energy and the bond will move with various vibrational
states. In a simple diatomic molecule, there is only one direction of vibrating; stretching,
which means there is only one band of infra red absorption. Weaker bonds require less
energy. If there are more atoms, there will be more bonds, and therefore more vibrational
modes. This will produce a more complicated spectrum with absorbing radiation from the
vibration, which is accompanied by a change in the dipole moment of the molecule [1]. A
dipole occurs when there is a difference of charge across a bond. If the two oppositely
charged molecules get closer or further apart as the bond bends or stretches, the moment
will change. Hooke’s law can be used to check the frequency.
A reference spectrum of the substrate was measured prior to the actual sample
measureent without any film on the substrate, and subtracted from an absorption
spectrum of the film/substrate system to obtain the absorption spectrum of the film.
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For the (HfO2)x(SiO2)1-x structural study, amorphous SiO2 is the basis for the
interpretation of IR results of silicates. SiO2 was deposited at 300oC and annealed at
900oC for 60 seconds. Three main peaks are observed and these are characteristic of a
continuous random structure of covalent SiO2. A shoulder around 1200 cm-1 is due to
out-of-phase stretching motions of near neighbor oxygen atoms [2]. At 900oC, stretching
mode peak shifts about 10 cm-1 to the higher wave number side due to the relaxation of
the film resulting in the stretching of Si-O bond. Continuous random network of SiO2 is
made up of corner-connected SiO4 tetrahedra, and the disorder of amorphous structure
comes from the Si-O-Si bond angle (145o + 25) changes. Three main peaks represent (I)
stretching mode at 1076 cm-1, (ii) bending mode at 814 cm-1, and (iii) rocking mode at
455 cm-1 [3] as shown in figure 3.1. It is known that the actual atomic motion shown in
the IR feature mainly comes from the oxygen atom motion [4 – 7]. These main peaks are
expected to be changed as the more amount of HfO2 is included in the bulk because the
oxygen atom motion is changed from covalent bonding of SiO2 to ionic bonding of HfO2.
The bigger Pauling electronegativity difference of Hf-O (∆X = 2.14) reflects its more
ionic bonding than Si-O (∆X = 1.54) [8]. Additionally, Hf becomes a network modifier in
the SiO2 due to its bigger bond length than Si-O (about 1.6 Å). Two IR features of HfO2
are included; one is with solid source with Hf Nitrato, and the other is with liquid source
using Hf-t-butoxide. IR result with liquid source is shown with different annealing
temperatures from as-deposited to 900oC in figure 3.2. The broadness of the band
suggests a wide dispersal of vibrational states which are characteristic of an amorphous
network. O-H bond and C-O bond from the chemical elements of liquid source are
observed as shown at the previous chapter. As annealing temperature increases, the
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absorbance intensity of O-H bond decreases and it finally disappears at 900oC. This O-H
bond decrease is also detected at other compositional Hf-silicates as shown later. At
700oC it is crystallized because the broad absorbance spectrum changes to a several sharp
peaks which also represents stretching, bending and rocking of Hf-O bonds. The broad
peak and even crystalline sharp peaks are at the lower wave numbers than 750 cm-1.
Considering that the stretching mode of SiO2 is the biggest in its feature, the stretching
mode of Hf-O is at around 332 cm-1. IR feature with solid source shows crystalline
structure as-deposited with sharp spectrum in figure 3.3. XRD result verifies that it is
crystalline in structure with a monoclinic phase. 2 theta peak at 27.8 indicates (-1 1 1)
monoclinic phase [9]. Comparing these two figures of liquid source based and solid
source based HfO2 gives a possible reason why HfO2 with Hf Nitrato source shows a
crystalline phase as deposited. The absence of O-H bond and/or C-H bond is the main
reason for the crystalline phase in the as-deposited HfO2.

Ionic HfO2 in an amorphous SiO2 crn acts as a network modifier [10]. The IR
feature of 24 % of HfO2 in the amorphous SiO2 crn is in figure 3.4. Comparing to IR
result of SiO2 crn, it does show three main vibration peaks of SiO2 and a shoulder on the
low energy side of the stretching peak at approximately 900 cm-1. It is due to the
localized vibrations associated with non-bridging oxygen atom [11 – 13]. Other IR
studies with sodium silicate, lead silicate, and group IV B doped silica glasses identified
the same features on the low energy side of SiO2 network stretching peak, which is
related to the vibration of non-bridging or terminal Si-O1- bonds [14, 15]. Hf-O stretching
mode around <500 cm-1 is broad and unable to distinguish clearly because it is
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overlapped with Si-O bending mode of SiO2. In 54% of HfO2 (figure 3.5), the O-H bond
stretching mode at >3200 cm-1 decreases as the annealing temperature increases. The
shoulder at 900 cm-1 increases more than that of 24 % HfO2 film. Also, the Hf-O
stretching mode at 332 cm-1 increases. Figure 3.6 shows the IR result of as-deposited
(HfO2)x(SiO2)1-x and 900oC annealed film. This comparison shows the compositional
change more clearly. As-deposited films show O-H bonding around 3500 cm-1 and O-OH
bond around 1600 cm-1. Between pure oxides there are IR features of 24 %, 54 % and 85
% of HfO2. Si-O stretching mode is overlapped with Hf-O bond and a shoulder is its
contribution. As the amount of HfO2 increases from 0.24 to 1, the absorbance peak of the
Si-O stretching mode with Hf-O shoulder decreases and the Hf-O stretching mode about
332 cm-1 increases. A shoulder at the lower energy side of the stretching peak is related to
localized vibrations associated with non-bridging O atoms and other references pointed it
out by neutron irradiation on amorphous SiO2 resulting in destruction of network
structure and increase in non-bridging O atoms [16 – 18]. After 900oC annealing, the SiO stretching mode becomes more narrower and shifted to higher wave number; i.e. 1020
cm-1 to 1036 cm-1 at x=0.54. At x = 0.85, Si-O stretching mode overlapped with Hf-O
shows two small different peaks, which can be interpreted as the phase separation. XRD
at figure 3.7 shows the crystalline phase at 900oC and phase separation at that
temperature of x = 0.85. Crystalline phase was detected at 30.65, 35.4 and 51.4. These
peaks can be interpreted as a tetragonal phase comparable to Zr-silicate study in our
group but monoclinic phase index is mixed [19]. Lots of silicates are reported to show
phase separation [20 – 25]. Phase separation will be discussed later with annealed XPS
features. At x = 0.24 and 0.54, phase separation may have occurs but the shoulder is too
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small to be detected with Si-O stretching mode in our research. IR results can be
interpreted with bonding model. A systematic morphology and bonding coordination
change occurs as the more HfO2 is mixed with amorphous SiO2 crn. Figure 3.8 is a
schematic of the network changes in SiO2 matrix with HfO2. Homogeneous mixture of
Si-O network becomes Si-O-Si, four terminal Si-O1- bonds, Hf 4+ ions and 4 dative bonds
at x < 0.5.
HfO2 + 2⋅Si-O-Si → 4⋅Si-O1- + Hf 4+
There is continuous transition from corner connected SiO4 at x = 0 to isolated SiO44- at x
> 0.5 [26]. The coordination number of oxygen changes from 2 to 3 and 4 to maintain
local charge neutrality. Hf and Si ion coordinations are assumed to be maintained 8 and 4
respectively. At x < 0.5 region, there are 4 different O bonding environments; 2-fold
network oxygen ( Si-O-Si ), 2-fold terminal oxygen ( Si-O-Hf ), 3-fold network oxygen
with 2 covalent bonds with Si and one donor-acceptor dative bond with Hf ( Si2-O-Hf ),
and 3-fold terminal oxygen with one bond with Si and 2 bonds with Hf ( Si-O-Hf2 ). As
the concentration of HfO2 increases, there is more network disruption, and 3-fold network
bond (Si2-O-Hf) is replaced by 3-fold terminal bond (Si-O-Hf2). At x = 0.5, network
disruption is completed with all 3-fold terminal oxygens. At x > 0.5, 3-fold and 4-fold
oxygen exists, and silicate ions are replaced by O2- ions. And the number of donoracceptor pairs decreases as the average number of Hf-O bonds increases meaning that the
concentration of HfO2 increases.
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3.1.2. SXPS and AES for Interface Study

Soft X-ray Photoelectron Spectroscopy was performed to check the interface between Si
substrate and Hf-silicate thin films [27]. Thermodynamic report shows that HfO2 is stable
with Si, but it is expected and reported that silicate is made at the interface. In this study,
different compositions of ultrathin ( approximately 15 Å physical thickness ) Hf-silicates
were prepared from HF-last Si (100) substrates. All substrates were p-type with a sheet
resistance of 1-10 Ω-cm. Figure 3.9 (a) compares the Si 2p3/2 single-component spectra
for samples having a HfO2 composition of x = 0.25, 0.5, 0.75 and 1.0. The data were
taken with photon energy of 170 eV with 0.5 eV instrumental resolution. The spectra are
normalized to the substrate (Sio) peak height and aligned to the Sio peak which has a
binding energy of 99.41 eV with respect to the Fermi level. The three suboxide interface
states, Si1+, Si2+ and Si3+ are shown as dashed lines. The intensity ratio of the Si4+ and Sio
peaks is lower for the SiO2-rich samples than it is for the HfO2 and HfO2-rich samples.
The Si4+ binding energy and peak width are virtually the same for all samples. The
average binding energy is 102.89 eV and varies by only 0.15 eV. HfO2 has a binding
energy of 102.97 eV which is slightly higher than the average. The Si4+ peak width is the
same for all thin films, averaging 1.26 eV. However, the intensity of Si4+ peak in the
HfO2 cannot be completely explained as substrate oxidation during deposition because
SiO2 can be formed when the sample is exposed to the air. Hf 4f spectrum (figure 3.9 (b))
is also shown with the same instrumental condition with Si 2p3/2.The spectra are
normalized to the photon flux. Hf 4f intensity is less for the SiO2-rich samples than it is
for the HfO2 and HfO2-rich samples. Hf 4f7/2 binding energy is virtually the same among
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the samples averaging 18.08 eV. The binding energy of HfO2 is slightly higher than
silicates. The peak width is also virtually same. Binding energies and Gaussian widths of
Si 2p3/2 and Hf 4f7/2 core levels are summarized in table 3.1. The binding energies in the
thin films are insignificantly different except for the HfO2 end member for which the
binding energies are approximately 0.1 eV higher. This means that the composition of
different silicates is approximately fixed (x ≅ 0.6) and SiO2 is formed at the interface
during deposition even though more careful study is needed considering final-state core
hole screening.

Remote Plasma Assisted Oxide (RPAO) has been studied in our group [28, 29].
From that study, our group grows RPAO with about 6 Å on top of Si substrate before the
film deposition. Figure 3.10 shows the AES feature of RPAO. The thickness can be
calculated from the ratio of Si-Si peak and Si-O peak. RPAO relaxes the substrate Si to
film oxygen bond and decreases interface defects. It can be thought that RPAO prohibits
unnecessary reaction between substrate and thin film. Interface nitridation with remote
plasma was also studied in our group and it is better to keep the interface from any
unwanted reaction [30]. For that matter, Remote Plasma Nitridation (RPN) was done on
different amount of HfO2 samples (figure 3.11) and their electrical properties were
checked. Remote Plasma Nitridation was performed at the interface and bulk oxide with
the condition of 0.035 Torr in the chamber, Helium 160 sccm, 60 sccm N2, substrate
temperature of 300oC with 30 W plasma power. Figure 3.12 shows the C-V curve
comparison of the nitridation on the bulk with AES. Interface nitridation reduces
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equivalent oxide thickness (EOT) by almost 2 nm and reduces fixed charge by about 1.6
times. Interface nitridation prevents OH, H2O reactions to form SiO2 interface layer.

3.1.3. XPS and AES for Bulk Study

Chemical property changes for different compositions of (HfO2)x(SiO2)1-x films
were investigated with XPS and AES. On-line AES and ex-situ XPS were performed
right after deposition. Before the oxide deposition, RPAO with 6 Å and interface RPN
were performed to avoid unwanted interface reaction. Film was deposited at 300oC and
some of the samples were annealed at 900oC in an Ar ambient. There was no charging
effect on AES with film thickness less than 500 Å, and charge compensation was done
using C 1s core level at 284.6 eV in XPS analysis.

The results are interpreted using the charge potential model proposed by K.
Siegbahn [31]. He investigated XPS chemical shift with calculated partial charge based
on electronegativity difference and partial ionic character of a bond. The charge transfer
term in this model is related to calculated partial charge based on electronegativity
equilization by R. T. Sanderson [32]. Before discussing XPS and AES data, it is
appropriate to discuss the charge potential model of Siegbahn and R. T. Sanderson’s local
bonding and bond ionicity. Siegbahn proposed the charge potential model to describe the
chemical shift in core-level binding energy between atoms in a molecule. Core-level
electron binding energy is related to x-ray photon energy and kinetic energy as following;
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Eb(A) = hν - EK(A) - φS

eqn. 3-1

where Eb(A) is binding an energy of electron in isolated atom A [33]. In XPS, it is also
the difference between initial state and final state.

Eb(A) = eA – Efsa(A)

eqn. 3-2

where eA is electron orbital energy as initial state and Efsa is atomic final state [34].

R. T. Sanderson developed a method to evaluate bond ionicity by calculating
partial charge based on the principle of electronegativity equalization which means that
charge is transferred between atoms until each atom has the same value of
electronegativity. For example in our study, charge moves from Hf to Si and O if HfO2 is
added to a SiO2 matrix. He made an assumption that partial atomic charge varies linearly
with average electnegativity because bond ionicity cannot be determined experimentally.
From this model, an intermediate value of electronegativity is reached when atoms
combine chemically to form a compound or alloy, if charge transfer dominates, then one
can expect parallel tracking of core level shifts for Si and Hf as shown in figure 3.13.
Actual change in the plot with increasing x in each case is negative. For graphical
convenience it is drawn oppositely in the oxygen case. Partial charges of (HfO2)x(SiO2)1-x
were calculated with following relation [32];
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δ A ( x) =

[{S A ) x ( S B ) y ( S C ) z ]
2.08( S A )

1
1

( x+ y+ z)

− SA

eqn. 3-3

2

SA, SB, SC : electronegativities of constituent atoms
Ax,By,Cz : alloy composition (e.x. HfxSi1-xO2)

Combining these two models the chemical shift in core-level electron binding
energy, ∆Eb(A), between a free atom A and atom A in an oxide can be estimated as
following ;

∆Eb(A) = kAδA + UA +Efs(A)

eqn. 3-4

where kAδA is charge transfer as a result of chemical bonding, δA is net partial charge on
atom A, kA is a constant from binding energy charge, UA is a coulomb interaction, and
Efs(A) is a final state effect. For an atom A in two different oxides, the core-level electron
binding energy will be expressed as following [35];

∆Eb(A) = kA∆δA + ∆UA +∆Efs(A)

eqn. 3-5

It can be changed in two different oxide alloys ;

∆Eb(A) = kA∆δA + ∆ΦA
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eqn. 3-6

δA = aA x + bA, ∆δA = aA ∆x + bA

eqn. 3-7

where x is alloy composition, aA and bA is constants.

If coulomb and final state effects are not significant, the charge transfer term predicts the
chemical shift decreases with increasing x. From these relations between partial charge
and electronegativity, the chemical shift of electron binding energy is linearly related to
the partial charge change and electronegativity change.

In AES, the similar relations on chemical shift analysis can be extracted as a
function of composition. An atom may decay to a lower energy state through an
electronic rearrangement by an impinging electron beam on an atom’s core-level, which
leaves the atom in a doubly ionized state. The energy difference between these two states
is given to the ejected Auger electron which will have a kinetic energy characteristic of
the parent atom. This process is shown schematically at figure 3.14 and can be related to
the ijk electron transition in atom A with binding energy as [36];

EK (A,ijk) = EB (A,i) – EB (A,j) –EB* (A,k) - Φs

EK (A,ijk): kinetic of ijk Auger transition in atom A
EB : binding energy of electron i, j
Φs : spectrometer work function
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eqn. 3-8

The initial state of Auger process is same with the final state of XPS process because
impinging electron beam kicks the bonded electron to the atom out. However, the kth
electron binding energy, EB* (A,k), should be considered with some other factors, like
two hold relaxation and coulomb interaction, because it happens at the last state of the
Auger process.

EB* (A,k) = EB (A,k) – R(A) + H(A)

eqn. 3-9

where R(A) is two-hole relaxation effect and H(A) is coulomb interaction energy. Letting
R(A) – H(A) - Φs = ΩA, then

EK (A,ijk) = EB (A,i) – EB (A,j) –EB (A,k) - ΩA

eqn. 3-10

Therefore, Auger chemical shift can be related with binding energy change as

∆EK (A,ijk) = ∆EB (A,i) – ∆EB (A,j) –∆EB (A,k) - ∆ΩA

eqn. 3-11

Local bonding in pseudo-binary Hf-silicate oxide, (HfO2)x(SiO2)1-x, is made up of
Si-O and Hf-O, and there is no Si-Si, Si-Hf and Hf-Hf bond which was verified by RBS,
saying that the films are fully oxidized. Oxygen in this pseudo-binary oxide is in different
bonding environment, like different coordination, as the composition changes as
explained earlier. Therefore, the XPS O 1s peak reflects the change of oxygen bonding
configuration.
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3.1.3.1. X-ray Photon Spectroscopy

The XPS O 1s peak of pure oxides, SiO2 and HfO2 is shown at figure 3.15 (a). As
discussed earlier, SiO2 is covalent bonded and its binding energy is higher (533.03 eV)
than that of HfO2 (530.0 eV) which is more ionic alloy bonded. In figure 3.15 (b), the
differentiated spectra of O 1s are shown. The differentiation of spectral data will remove
the background contribution and often enhance the presence of overlapping peaks. SiO2
shows symmetric feature because there is only a Si-O-Si bond. However, the HfO2 peak
is asymmetric compared to SiO2 because carbon to oxygen bonds exist in the bulk. An
additional feature is observed on the high binding energy side of the main O 1s peak at
approximately 532 eV. Previous FTIR results support the fact that there is a C-O bond in
the bulk at 1100-990 cm-1. It is also supported in terms of Pauling electronegativity.
Electronegativity of C is 2.55 and greater than Hf (X = 1.30); therefore, the O 1s feature
of C-O is at the higher binding energy side. In figure 3.16, XPS O 1s peaks of different
compositional Hf-silicates are shown and the differentiated spectra are shown to establish
trends in observed O 1s peak shapes. As the composition of HfO2 is increased in the SiO2
matrix, the peak moves from high binding energy to low binding energy because of the
difference of relative bond ionicity from partial charges. At x = 0.37, the O 1s peak is
tilted to the higher binding energy side and almost symmetric at x = 0.52 though it is
mixed peak between ionic Hf-O and covalent Si-O, and tilted to the lower binding energy
side at x = 0.68. From the charge transfer term discussed earlier, the XPS binding energy
is decreased linearly with increasing bond ionicity; in other words, if there is more Hf-O
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bonds O 1s peak binding energy decreases. Differentiated peaks enhance the significant
asymmetries of these compositional alloy spectra.

The O 1s core-level binding energy shifts with different compositions of
(HfO2)x(SiO2)1-x as shown in figure 3.16. As expected from equation 3-4, the chemical
shift is related to the charge transfer. If coulomb interaction and final state effect are
much smaller than charge transfer, then the binding energy shift is slightly sigmoidalfitted as shown in figure 3.17. The peak positions in the figure correspond to the
maximum peak intensities. With average O 1s binding energy fit (figure 3.18), it shows
more sigmoidal characteristic compared to the figure 3.17, which reflects the asymmetric
nature of the O 1s peak-shape. The total binding energy difference between endmembers, SiO2 and HfO2, is about 3.0 eV, and it is equivalent to the band gap difference
of end members with 8.9 eV of SiO2 and 5.8 eV of HfO2 [37].

Hf 4d and Si 2p were also studied and the results show a symmetric peak in figure
3.19. It is due to the fact that the coordinations of Hf and Si are maintained as 8-fold and
4-fold respectively regardless of compositional change and oxygen coordination change
[38]. And it indicates that the films are completely oxidized which is consistent with the
RBS results. Si has 4 O atoms in tetrahedral arrangement independent of alloy
composition. Each of 8 O atoms with Hf is not equivalent with respect to the bonding
neighbor coordination and electronic structure. In figure 3.19, at x = 0.37, Hf 4d5/2 is
213.56 eV and decreases to 213.15 eV at x = 0.52. Si 2p peak binding energy is also
decreased from 103.36 eV at x = 0 to 101.14 eV at x = 0.80. At x = 0.8, there is some
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noise in the Si 2p feature because the SiO2 matrix is much less than the HfO2 matrix in
the bulk. Table 3.2 contains the peak positions of O 1s, Si 2p, Hf 4f7/2, Hf 4d5/2 and O
KVV. In figure 3.20, Hf 4f is compared with laboratory XPS and SXPS. Both features
show the same trend that as HfO2, i.e. composition increases binding energy is decreased.
In SXPS, the data were taken at a photon energy of 130 eV. The spectra have been
normalized to the Hf 4f7/2 intensity because they do not scale with composition for
reasons that have not been fully investigated. The binding energy of Hf 4f7/2 core level
shifts from 18.75 eV for x = 0.25 to 17.71 at x = 1.0. Diffraction effect of 4f7/2 and 4f5/2
peaks is observed due to different local ordering. There is a binding energy difference
between laboratory XPS and SXPS. There might be two possible reasons; i) extra surface
sensitivity of SXPS which is more susceptible to final state core hole screening effect,
and ii) Susceptibility of HfO2 to water absorption, which is that O-H bond to Hf in place
of O, then binding energy increases, and the same result is also reported with Y2O3 study
detecting H2O by SXPS [39].

Si 2p and Hf 4d chemical shifts were investigated and shown in figure 3.21 and
3.22 respectively. As mentioned earlier, their coordination is maintained through the
different compositions as 4 for Si and 8 for Hf. And a linear fit of binding energy shift
with composition shows that it is consistent with charge transfer model. Binding
differences between end-members are about 2.3 eV for Si 2p peak and approximately 2.1
eV for Hf 4d peak. Considering experimental uncertainty, which is + 0.2 eV, these two
values from Si 2P and Hf 4d are the same. Based on the calculated partial charges, the
charge transfer term in equation 3-6 between Si 2p and Hf 4d core-level shift has only
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different constant kA if the changes in partial charge with respect to the composition are
equal for Si and Hf, which is same slope as in the figure 3.21 and 3.22. This same slope is
equivalent to XAS (X-ray Absorption Spectroscopy) constant energy difference, which
will be discussed later, between Hf 5d* and Si 3s* anti-bonding states in O K1 edge. A
similar trend was reported by G. B. Rayner in the (ZrO2)x(SiO2)1-x system [40, 41].

3.1.3.2. Phase separation

Amorphous SiO2 alloy is one of the candidates for the alternative gate oxide
material. Currently it is unclear if a crystalline dielectric is useful for sub-nm devices.
However, lots of difficulties are expected like roughness, crystal anisotropy, etch
uniformity and grain boundary leakage. Permittivity is also expected to be changed in the
crystalline phase. Phase separation has been studied for long time with lots of silicate
materials[42 - 44]. The known HfO2-SiO2 phase diagram (figure 3.23) [45] is incomplete,
but the system is similar to the ZrO2-SiO2 system whose phase equilibrium is well
known. The metastable phase diagram was considered by Maria [46]. His research said
liquid-liquid immiscibility, a feature common to nearly all phase diagrams for the fluorite
AX2-SiO2 compositional systems, is believed to be dominant in the crystalline phase
nucleation processes. And he proposed that amorphous compositions lying within the
immiscibility zone would initially phase separate upon anneal, and these nuclei would
subsequently mitigate crystalline evolution. Though there is no liquid-liquid
immiscibility gap in the HfO2-SiO2 system (figure 3.23), the early ZrO2-SiO2 system did
not have it, either. Further investigation of that system made it clear that there is buried
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immiscibility. Upon rapid thermal annealing, amorphous films with compositions that lie
within this gap are unstable and unmixed, as any composition fluctuation decreases the
free energy, which is called spinodal decomposition. Warren and Pincus [10, 47] said that
immiscibility in an oxide melt arises from the competition between the various cations to
provide themselves with a proper surrounding of oxygen anions. The tendency toward
immiscibility originates from the network modifier cations which prefer to be surrounded
by non-bridging oxygens and depends on the strength of the ionic bond between the
modifier cation and the non-bridging oxygen anion. It is known that mixing with alkali
oxide causes the immiscibility to disappear like in the K2O-CaO-SiO2 system [10]. 900oC
annealed samples were measured to check phase separation. Figure 3.24 shows the O 1s
peaks of x = 0.8 and 0.3. At the differentiated spectrum, a HfO2-rich sample has a feature
at < 531 eV, which is HfO2-like and 3 or 4-fold coordinated oxygen. A shoulder is
observed at 532.65 eV in the differentiated spectrum, which is a phase separated feature.
This result is consistent with previous FTIR and XRD studies that indicate a chemical
phase separation at 900oC. At > 532 eV, a feature in the spectrum is more SiO2-like with
2-fold coordinated oxygen.

3.1.3.3. O KVV Auger Electron

The chemical shift of an Auger electron kinetic energy is related to the changes in
XPS binding energy according to eqn. 3-10. It says that the kinetic energy change is
linearly related to the binding energy change if there is small two hole relaxation effect
and coulomb interaction effect at the AES. The relation can be applied to O KVV
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transition with A = O, i = K (O 1s), and j, k = L = O (2p π non-bonding). O KVV peak
position shift with compositional dependence is shown in figure 3.25. Besides, the
compositional peak changes of Si KLL and Hf NVV are shown in figure 3.26. O KVV
peak with direct spectrum has three peaks as shown in the figure 3-25 (a). Between two
major peaks, the bigger one comes from O 2p non-bonding state and the smaller one
comes from O 2p bonding state on top of the valence band [48]. Non-linear O KVV
chemical shift from direct spectrum in 3.27 (a) reflects the sigmoidal dependence of XPS
O 1s chemical shift with ∆EK ≅ 4 eV including contribution from shifts in O 2p-π valence
band states. However, kinetic energy change shift with differentiated spectra at figure 327 (b) shows more sigmoidal characteristic with ∆EK ≅ 3 eV, which is from the different
peak width (FWHM) of AES peaks and explains that this difference comes from the
different valence bandwidth. The slope difference between peak fitting of AES spectra
and derivative spectra is approximately 1.0 eV. This energy difference explains why O 2p
non-bonding state in SiO2 is about 1 eV greater that of HfO2. Kinetic energy shift with
various alloy compositions moves to the higher energy side when the composition of
HfO2 increases, which can be also expected from the relation between AES kinetic
energy and XPS binding energy.

The Hf NVV peak shift was not studied because it is not a major peak but rather a
couple of nearing peaks at approximately 180 eV. This kinetic energy is recognized from
the core level, N shell and O shell of Hf.
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3.1.4. Valence Band Offset

From the previous XPS O 1s and AES O KVV compositional dependence, the
valence band offset can be calculated. These calculations are from G.B.Rayner’s Zrsilicate research [49]. With equation 3-10, the O KVV kinetic energy in the amorphous
SiO2 is related to the O 1s binding energy and O 2pπ binding energy at the top of the
valence band as follows [49];

EK(OKVV) = EB(O1s) – 2EB(O2pπ) - Ω

eqn. 3-12

If the change in Ω is small compared to changes in the difference between O 2s binding
energy and O KVV kinetic energy, then the changes in the top of valence band, ∆eB
(O2pπ), can be approximately by the XPS and AES analysis.

The binding energy of O 2pπ state is;
E B (O 2 pπ ) = 1 [ E B (O1s ) − E K (OKVV ) − Ω]
2

eqn. 3-13

The XPS binding energy is the difference between the initial state and final state of the
element;
E B (O 2 pπ ) = e B (O 2 pπ ) − E fs (O 2 pπ )

eqn. 3-14

where eB(O2pπ) is the initial state of O 2pπ state and Efs is the final state. And the
initial state can be expressed like eqn 3-13 with the same concept;
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e B (O 2 pπ ) = 1 [ E B (O1s ) − E K (OKVV ) − Ω*]
2
Ω* = H ( A) − R ( A) − 2 E fs (O 2 pπ ) + φ s

eqn. 3-15
eqn. 3-16

where H(A) is coulomb interaction energy, R(A) is two hole relaxation effect and φs is the
work function of spectrometer.

Finally, the valence band offset with regard to Si can be calculated as following with
figure 3.28 which explains why the initial state of O 2pπ, eB(O2pπ), is energy difference
between O 2pπ valence band and vacuum level;

VBoffset = -eB(O2pπ) + 5.1 eV
~ A[EB(O1s) – EK(OKVV)] + B

eqn. 3-17
eqn. 3-18

where 5.1 eV comes from Si band gap, 1.1 eV, and the energy from Si conduction band
to vaccum level, 4 eV. This valence band offset is the energy difference between the
valence band energy of Si and the valence band energy of (HfO2)x(SiO2)1-x alloy. For the
(HfO2)x(SiO2)1-x alloy, the valence band offset is schematized in figure 3.28. Valence
band offsets for end-members, SiO2 (-4.6 eV) and HfO2 (-3.4 eV), are from the values of
J. Robertson et al. [33]. Sigmoidal dependence reflects the sigmoidal characters of XPS O
1s and AES O KVV chemical shift with different alloy composition.
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3.1.5. X-ray Absorption Spectroscopy

X-ray Absorption Spectroscopy (XAS) for O K1 edge was studied and compared
with reported ab-initio theory [50, 51]. Ab-initio calculation says that the lowest
conduction band states in high-k oxides are derived from spatially localized d-states of
transition metal atoms with lower than SiO2 conduction band (Si 3s* state) offset by at
least 1 eV. XAS was fulfilled with the synchrotron system at Brookhaven National
Laboratory in Long Island, NY [52]. Sample thickness was about 75 Å and 4 different
compositions of Hf-silicate alloys were used. O K1 edge [51] reflects the alloy behavior
of conduction band states in the Hf-silicate. It is the energy from the core-level to the
conduction band of the oxides (figure 3.29). Figure 3.30 shows the energy relative to the
valence band edge of end-members schematically. Hf 5d π state and Si 3s σ state do not
mix together and their relative energy difference is independent of alloy composition.
However, O 2pπ non-bonding states have same symmetry in SiO2 and HfO2; therefore,
the valence band energy changes with the amount of HfO2 because of the changes in
oxygen coordination from 2 of SiO2 to 4 of HfO2. The O K1 edge of HfO2 is shown in
figure 3.31(a). With ab-initio calculation, the lowest band is known as the Hf 5d state at
approximately 533 eV, and 6s at about 538 eV, 6p state at 541 eV respectively. In the
silicates of figure 3.31(b), the Si 3s states overlap with Hf 5d and 6s states to form next
conduction band. The differences in overlap with Hf 5d states of Si 3s states are
consistent with conduction band offsets of SiO2 with 3.2 eV and independent with
composition. This means that localized Hf 5d state is fixed in the alloys. Similar results
were reported with Hf-aluminate [53] and Zr-silicate [53]. The composition-independent
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difference between Hf 5d state and Si 3s state is consistent with the previous XPS results
of Si 2p and Hf 4d chemical shifts. Equal slopes of XPS Si 2p and Hf 4d chemical shifts
are equivalent to XAS constant energy difference between Hf 5d and Si 3s anti-bonding
states in O K1 edge, which reflects their coordination maintenance through the various
compositions.

3.1.6. Compositional Dependence of Band Offset Energies

The XPS and AES results are combined with determinations of valence band
offset energies for SiO2 and HfO2 to generate an empirical model for the compositional
variations of valence band offset energies with respect to Si. And XAS with ab-initio
calculation are utilized to identify the Hf 5d* state for the conduction band offset energy
with respect to Si. Figure 3.32 contains plots of the average conduction and valence band
offset energies of (HfO2)x(SiO2)1-x alloy system. Experimentally determined band gaps
for SiO2, 8.9 + 0.1 eV, and HfO2, 5.8 + 0.1 eV are included in the plot. This plots
demonstrate that essentially all of the band gap variation occurs in the valence band
offsets, so that the offset energies of the respective Hf 5d* states are constant within 1.3 +
0.1 eV with respect to the conduction band edge of Si. The contributions of these Hf and
Si states to the conduction band density of states are proportional to their alloy
concentrations, with qualitative differences in these states playing a significant role in
determining direct tunneling currents.
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For the schematics, the experimentally determined band gaps of end-members and
their band gap difference are considered; Egap(SiO2) = 8.9 + 0.1 eV, Egap(HfO2) = 5.8 +
0.1 eV, and ∆Egap = 3.1 + 0.1 eV. Binding energy difference of O 1s, ∆EB(O1s), between
end-members is 2.8 + 0.2 eV. The XPS chemical shifts of Si 2p and Hf 4d are almost the
same value at 2.2 + 0.2 eV. From these values, the following can be calculated;

∆Egap - ∆EB(O1s) = 0.3 + 0.2eV
∆EB(O1s) - ∆EB(Si 2p or Hf 4d) = 0.6 + 0.2 eV

This binding energy difference between O 1s and Si 2p (and/or Hf 4d) says the valence
band in HfO2 shifts approximately 0.6 eV more with respect to SiO2. The difference of
band gap and O 1s binding energy, 0.3 eV, concludes that the Egap increases in SiO2 by
0.3 eV. Additionally, there is approximately 1 eV difference in valence band width
difference from AES direct spectra, N(E), and differentiated spectra, dN(E)/dE as shown
in figure 3.27. The 1 eV difference manifests the valence band width in HfO2 is greater
than that of SiO2. These comparisons establish that the spread in the O 2p π non-bonding
states which comprise the top of the valence band is approximately 1 eV greater in SiO2
giving a spectroscopically determined valence band offset energy about 1.6 eV. From the
reported valence band offsets, similar result can be shown;

VBoffset (SiO2) = 4.6 + 0.1 eV
VBoffset (HfO2) = 3.4 + 0.1 eV
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∆VBoffset = 1.2 + 0.1 eV

Reported values [33] and calculated values from XPS/AES are a little different.
Considering the experimental uncertainty + 0.2 eV, those two values are almost same.

Conduction band offset can be calculated with the band gap of HfO2, valence
band offset of HfO2, and band gap of Si;

Egap(HfO2) – EVB offset – Egap(Si) = 5.8 – 3.4 – 1.1 = 1.3 + 0.1 eV

which is the conduction band edge of HfO2 and its silicate in respect to the conduction
band of Si.

These plots conclude that (i) Hf 5d* state is fixed with respect to the band gap, (ii) only
valence band offset changes with respective to the alloy composition, and (iii) band gap
changes reflect valence band offset changes.

3.1.7. Compositional Dependence of Band Gap Energies : Verification of the
Expectation by Vacuum Ultra Violet Spectroscopic Ellipsometry (VUVSE)

Valence band offset and conduction band offset were investigated separately at
the previous subsections. At the above subsection, it is expected that the band gap
changes reflect valence band offset changes, which has a sigmoidal dependence, because
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Hf 5 d* state is fixed at the bottom of the conduction band of the alloy. For that reason, it
is necessary to verify that expectation. Band gap changes as a function of alloy
composition is observed using Vacuum Ultra Violet Spectroscopic Ellipsometry
(VUVSE) for the above reason. In SiO2, the band gap is between O 2p π non-bonding
state and Si 3s* state, and the band gap energy of HfO2 is between O 2p π non-bonding
state and Hf 5d* state. The reported values of these end-members are 8.9 + 0.1 eV for
SiO2 and 5.8 + 0.1 eV for HfO2. Figure 3.34 contains VUVSE spectra with absorption
constant α vs. photon energy on 4 different compositional Hf-silicates. Since the films
are amorphous, the interband absorption can be expressed by the following equation [54,
55]:

αhν ∝ (hν − E opt ) 2

eqn. 3-19

where α, hν and Eopt are the absorption coefficient, phonon energy, and optical band gap
energy, respectively. From x = 0.25 to x = 1.0, band gap decreases from 7.7 eV to 6.3 eV.
Optical band gap has different values comparing to the reported value, like 5.8 eV vs. 6.3
eV, because there is interference at the film and substrate interface. Also, there is a
remote plasma assisted oxide with nitridation at the interface to block the reaction
between Hf-silicate film and Si substrate, which index of refraction, n, is not known well.
In addition to that, there is also a thickness effect on this measurement. However, the
overall trend is more important than exact band gap values in this research considering
the above experimental uncertainties. By replotting the data shown in figure 3.33 in
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accordance with eqn. 3-19, the values of Eopt, band gap energy show the band gap energy
change as a function of composition in figure 3.34. It is consistent with the reported trend
on Zr-silicates and Hf-silicates [55]. The rapid decrease in Eopt with an increase in x in
the Hf-silicates is considered to be due to the increase in the d-state electrons. When x is
increased higher than 0.6, it seems that the bottom of the conduction band is fully formed
by the Hf 5 d* states.

As it is expected from the previous subsections, Si 3s* and Hf 5d* states were
plotted with the same sigmoidal fit with valence band offset energy in figure 3.35 to
represent sigmoidal dependence of band gap energy. There can be two different relations
between SiO2 and HfO2 as shown in figure 3.35, (i) linearly and (ii) weighted. A linear
relation plot does not fit to experimental results at all. Weighted on the composition of
SiO2 fit matches with the result. Weighted value, 1.2, is arbitrary to fit the result. To
show the trend, a (ZrO2)x(SiO2)1-x plot is used as well from G. B. Rayner’s research. A
non-linear relation between end-members on the electrical property is expected from this
weighted relation of energy band gap.

3.2. Electrical Characterization

3.2.1. I-V and C-V result on (HfO2)x(SiO2)1-x

High k gate oxide research for the alternative gate oxide material is motivated by
the high leakage current of SiO2. As mentioned at the chapter 1, leakage current from
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direct tunneling of SiO2 thinner than 1.5 nm is higher than 1 A/cm2 [56]. Therefore, it is
necessary to understand the dependence of the tunneling current to predict the limitations
of device scaling. For the tunneling current, effective barrier height and tunneling mass
are important. Wentzel-Kramer-Brillouin (WKB) simulation [57] on the tunneling current
of (HfO2)x(SiO2)1-x is done to check the trend as a function of alloy composition. Franz
two band model and quantum mechanical calculations were obtained to do the simulation
and it turned out as in figure 3.36. Approximately 60 % of HfO2 shows the least tunneling
current density. WKB analysis of tunneling is based on electronic structure diagram of
the barrier height as a function of alloy composition. Experimental result of leakage
currents for the various compositional Hf-silicates is shown in figure 3.36. Devices were
annealed at 500oC for 1 min, and the data is normalized at 1 nm EOT and –1 V with UTQUANT [58] simulation program assuming SiO2 thickness dependence by C. Osburn
group. Leakage is minimized at near mid-composition with 10-7 A/cm2 range. This is a
similar trend to WKB simulations of oxy-nitride and yittrium silicate [39]. Considering
the dielectric constant increase from SiO2 to HfO2, lower leakage current can be expected
with bigger physical thickness;

d ( physical ) = ( k

)d ( EOT )

3.9

eqn. 3-20

From this equation, it is expected that the thickness should be increased as the dielectric
constant increases. In the current research, as the amount of HfO2 increases, the dielectric
constant increases from 3.9 of SiO2 to 25 of HfO2. Decreases in direct tunneling
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associated with increases in physical thickness and dielectric constant with eqn. 3-19 are
in part mitigated by reductions in conduction band offsets and effective mass for
tunneling.

C-V data were taken at 1 Mhz for the devices at room temperature, and are shown
in figure 3.38 for (HfO2)x(SiO2)1-x. The compositions are x = 0, 0.24, 0.53, 0.72 and 1.0.
As more HfO2 is included in SiO2 crn, the more hysteresis is observed. These plots are
not normalized to the same thickness. Therefore, their flat band voltages are hard to
compare with each other. It is known that flat band voltage shifts to more negative
voltages as the more HfO2 is mixed due to its positive fixed charge. These negative
increases in flat band voltage have been attributed to positive charge injected into, and
trapped at the Si interface, or within the bulk oxide [59]. For x = 0.77 Hf-silicate devices,
the dependence of flat band voltage on thickness is shown at figure 3.38. Unlike Al2O3
dielectric, it is known that all other dielectrics show the positive fixed charge, which is
the negative slope at the Vfb vs. EOT plot [60]. Shift in flat band voltages are generally
accepted to be due to (i) fixed charge, Qi, (ii) mobile charge, Qm, (iii) oxide trapped
charge, Qot, and/or (iv) interface trapped charge, Qit [61]. Hysteresis in C-V measurement
is normally attributed (i) to charge trapping in the dielectric, or at the dielectric interface,
(ii) mobile charged species or (iii) remnant polarization as in ferroelectrics [61].
Temperature dependent C-V data for various compositional (HfO2)x(SiO2)1-x devices is
displayed in figure 3.39. 500oC and 900oC annealed devices are compared. 900oC
annealed devices show more hysteresis even at room temperature C-V curve regardless of
their composition. Phase separation could happen at this temperature, and the matrix
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would be divided to crystalline HfO2 rich region and amorphous SiO2 rich region.
Hysteresis in 500oC annealed HfO2 is increased as the temperature is higher, but 900oC
annealed HfO2 shows decreased hysteresis as the temperature is increased. At x = 0.54
and 0.22, the hysteresis in C-V traces was found to decrease initially with increasing
temperature, and then reverse direction after 125oC is observed. This reverse C-V trace is
also observed in the Al2O3-Ta2O5 alloy system [62]. It was attributed to the release of
trapped charge, and the onset of a conduction process through the extended states of the
Al2O3 alloy component. At x = 0.8, the hysteresis increase up to 100oC and decreases
thereafter for the 500oC annealed device. Increasing hysteresis is shown until 175oC for
the 900oC annealed device. The flat band voltage in all compositions shifts to the more
positive side due to trapping of electrons. The direction of this hysteresis at room
temperature is consistent with electron trapping in the oxide, or in the immediate vicinity
of the interface. The hysteresis in the (HfO2)x(SiO2)1-x increases as the content of HfO2
increases in the silicate film. This can be explained with the d state of transition metal;
the more d states exist when the more HfO2 is mixed in the silicate film. This d state
behaves as a trap site. This Hf 5d* state trap depth was located by the temperature
dependent leakage current vs. voltage study in figure 3.40 with x = 0.54. This sample was
annealed at 500oC for 1 minute. At low temperature, low activation energy (0.07 eV) was
calculated for the carrier activation, and it was associated with tunneling into the bulk
traps. At high temperature, high activation energy (1.23 eV) was calculated and it was
assigned to the trap release to the conduction band state. The sum of these two activation
energies shows where the trap is above Si conduction band. This was consistent with the
reverse direction of the hysteresis in figure 3.39.
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The mechanism of leakage current was confirmed as Poole-Frenkel tunneling
[63], not Fowler-Nordheim [64] as shown in the figure 3.41. Positive linear slop with J/E
vs. E1/2 plot shows it is Poole-Frenkel conduction mechanism. J/E2 vs. 1/E plot for
Fowler-Nordheim mechanism is also compared, and negative slope shows this plot is not
applicable to the (HfO2)x(SiO2)1-x alloys. x = 1 (HfO2) and x = 0.27 Hf-silicate films are
compared. Both confirm that they are Poole-Frenkel conduction mechanisms. The region
with lower electric field prior to the field that Poole-Frenkel mechanism dominates is not
included in this fitting. For better explanation, there are a couple of items to consider; (i)
The effect of Si substrate on the leakage current, (ii) correction on the Schottky barrier.

3.2.3. Nitrided (HfO2)x(SiO2)1-x

The comparison between interface/bulk nitrided and normal-processed Hf-silicate
was mentioned in subsection 3.1.2. For high k dielectrics, the instability of EOT during
the subsequent high temperature processing is a major concern. During the high
temperature processes, OH contained in dielectrics or absorbed water vapor on the
surface of films can induce growth of additional oxide. From our group’s previous
research, one monolayer of nitridation (~7x1014/cm2) resulted in smooth interfaces and
reduced tunneling current by reducing sub-oxide bonding [65,66]. C-V plots in figure
3.12 and 3.42 show their difference at x = 0.24. EOT and flat band voltage changes are
shown in figure 3.42. It is reported that interface reaction was suppressed by interface
nitridation [67, 68]. Remote plasma nitridation with interface nitrogen reduces EOT by
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approximately 2 nm, and also reduces fixed charge by around 1.6 times. Nitrogen
substitutes oxygen site when it comes into the matrix, and it reduces the EOT [69]. Flat
band voltage change after nitridation is not as significant as EOT change, and fixed
charge difference is also insignificant from 8 × 1011 cm-2 to 5 × 1011 cm-2. Nitridation of
the high k gate oxide material is also used to prohibit boron penetration through the oxide
[70, 71] and to keep the interface from reaction between the oxide and substrate [72].
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Figure 3.1. Three different modes of Si-O-Si bonding, (i) rocking at 1076, (ii) bending at
814, and (iii) stretching mode at 455 cm-1
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Figure 3.2. FTIR result of HfO2 with liquid source, Hf-t-butoxide.

Figure 3.3. FTIR result of HfO2 with solid source, Hf-nitrato
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Figure 3.4. FTIR result of 24 % of HfO2 mixed with amorphous SiO2
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Figure 3.5. FTIR result of 54 % of HfO2 mixed with amorphous SiO2
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Figure 3.6. FTIR comparison of (HfO2)x(SiO2)1-x
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Figure 3.7. XRD result of x = 0.84 from as-deposited to 900oC annealed
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Figure 3.9 (a). Si 2p3/2 spectra comparison between various compositions

Figure 3.9 (b). Hf 4f spectra comparison between various composition
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Figure 3.10. AES spectra of Remote Plasma Assisted Oxidation (RPAO) : carbon peak at
272 eV and oxygen peak at approximately 503 eV
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Figure 3.11. AES spectra of Remote Plasma Nitridation with various deposition time
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Figure 3.12. C-V comparison of Hf-silicate with x = 0.25 nitridation effect
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Figure 3.13. Partial charge calculation following R. T. Sanderson
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(b) XPS O 1s differentiated spectra
Figure 3.15. XPS O 1s spectra of end-members, SiO2 and HfO2
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(b) XPS O 1s differentiated spectra
Figure 3.16. XPS O 1s spectra of various compositional (HfO2)x(SiO2)1-x
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Figure 3.17. XPS O 1s chemical shift with alloy composition corresponding to the
peak maximum, which indicates a slight sigmoidal compositional dependence
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Figure 3.18. XPS O 1s chemical shift reflecting the average O 1s binding energy,
showing a non-linear sigmoidal dependence on x

85

Hf 4d - Intensity (a.u.)

x = 0.70

x = 0.52

x = 0.37

205

210

215

220

225

230

235

Binding Energy (eV)

(a) Hf 4d direct spectra of various composition

Si 2p - Intensity (a.u.)

x = 0.80

x = 0.52

x = 0.37

SiO2

106

104

102

100

98

Binding Energy, eV

(b) Si 2p direct spectra of various composition
Figure 3.19. XPS direct spectra comparison of Hf 4d and Si 2p
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Figure 3.20. Compositional shape change of XPS Hf 4f
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Figure 3.21. Chemical shift of XPS Si 2p, showing linear compositional dependence
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Figure 3.22. Chemical shift of XPS Hf 4d, reflecting linear compositional dependence
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Figure 3.23. Phase diagram of HfO2-SiO2 [45]

89

o

O 1s - Intensity (a.u.)

900 C annealed

x = 0.80

x = 0.30

526

528

530

532

534

536

538

Binding Energy (eV)

(a) XPS O 1s peak at 900oC annealed

o

900 C annealed

dI/dE (a.u.)

x = 0.80

x = 0.30

526

528

530

532

534

536

538

Binding Energy (eV)

(b) Differentiated spectra of 900oC annealed O 1s
Figure 3.24. XPS O 1s peak after 900oC annealing, x = 0.3 and 0.8
90

HfO2
O KVV - N(E) (a.u.)

x = 0.89
x = 0.78
x = 0.68
x = 0.53
x = 0.34
x = 0.22
SiO2
480

490

500

510

520

530

Kinetic Energy (eV)

Figure 3.25. AES O KVV undifferentiated spectra with various compositions
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Figure 3.26. AES compositional transition of undifferentiated Si LVV and Hf NVV
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(b) O KVV kinetic energy shift with differentiated peak minimum, showing nonlinear sigmoidal dependence
Figure 3.27. XPS chemical shift of O KVV kinetic energy in as-deposited (HfO2)x(SiO2)1x alloy as a function of composition
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Figure 3.28. Compositional dependence of Valence Band Offsets with respect to Si
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Figure 3.29. A schematic of O K1 edge transition from core-level to conduction band
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Figure 3.32 (a). A schematic of conduction and valence band offset energies of
(HfO2)x(SiO2)1-x alloy

97

Si 3s* conduction band

Relative Energy

3.2 + 0.1 eV

Hf 5d* conduction band
Si conduction band

1.3 + 0.1 eV

Si Band gap
Si valence band edge
3.4 + 0.1 eV
4.6 + 0.1 eV

Hf Silicate Valence Band Edge
O 2p π non-bonding
HfO2

SiO2
Alloy composition increases

Figure 3.32 (b). A schematic of conduction and valence band offset transition from SiO2
to HfO2

98

106

absorption constant (α
α)

(b)
absorption constant (α
α)

(a)

106

105
x = 1.0
2e05 band gap = 6.3 eV

105

x = 0.8
2e05 band gap = 6.6 eV

104
5

6

7
photon enegy (eV)

8

5

9

7
photon enegy (eV)

8

9

106

106

(d)
absorption constant (α
α)

(c)
absorption constant (α
α)

6

105

x = 0.5
2e05 band gap = 6.75 eV

*adjusted for
lower values of α

*

105

X = 0.25
x = 0.75
band gap ~ 7.7eV

104

104
5

6
7
photon energy (eV)

8

6

9

7
8
photon enegy (eV)

9

Figure 3.33. VUVSE spectra with absorption constant α vs. photon energy ; (a) x = 1.0,
(b) x = 0.8, (c) x = 0.5, and (d) = 0.25

99

9.5

(HfO2)x(SiO2)1-x
VUV SE

9

band gap (eV)

8.5
8
7.5
7
6.5
6
0

0.2

0.4

0.6

0.8

1

alloy composition (x)

Figure 3.34. Band gap energy change as a function of alloy composition ; replot of the
figure 3.33

9
Si 3s* (Eg)

8.5

9

(Eg)eff=xEg*+(1-x)1.2Eg

Si 3s*
band gap (eV)

8
8

7.5

linear

(Eg)eff

weighted

7

7
Zr 4d* (Eg*)

6.5

Zr silicates

Hf 5d*
6

(a)

6

Hf silicates

(b)

5.5
0

0.2

0.4
0.6
0.8
alloy composition (x)

1 0

0.2

0.4
0.6
alloy composition (x)

0.8

Figure 3.35. Band gap energy changes as a function of alloy composition with a valence
band offset fitting : (a) Hf silicate, (b) Zr silicate
100

1

tunneling current density (A/cm2)

10 2
Si oxnitride alloys

10 0
10 -2

reduced
meff EB

10 -4
10 -6

Hf silicate alloys

10 -8

increase
in k

10-10

Y silicate alloys

10-12
10-14

0

0.2

0.4

0.6

0.8

1

Figure 3.36 (a). Wentzel-Kramer-Brillouin (WKB) simulation on direct tunneling current

1

2

[A/cm ]

Leakage Current @-1V

10

-1

10

-3

10

-5

10

-7

10

NMOSCAP Gate Injection

SiO

10

2

Range of data
reported for HfO

2

EOT = 1 nm
* Data corrected for thickness
(Assuming SiO thickness dependence)

-9

2

0

20

40
60
(HfO ) (SiO )
2 x

80

100

2 1-x [%]

Figure 3.36 (b). Experimental result of leakage current of (HfO2)x(SiO2)1-x normalized at
1 nm EOT with UT-QUANT program
101

Capacitance (arb. unit)

(HfO2)x(SiO2)1-x

x = 1.0
x = 0.73

x = 0.52
x = 0.27
x = 0.0
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Applied Gate Voltage (V)

Figure 3.37. C-V curves comparisons as a function of alloy composition ; did not
normalized to the same EOT

-0.8

x = 0.73 NMOS Capacitor

Flatband Voltage (V)

-1.0

-1.2

-1.4

-1.6

-1.8
2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Equivalent Oxide Thickness (nm)

Figure 3.38. Flat band voltage vs. EOT on x = 0.73 Hf silicate ; positive fixed charge

102

o

o

o

o

500 C anneal

900 C anneal

200 C

-6

1.4x10

Capacitance (F/cm2)

Capacitance (F/cm2)

175 C

-6

1.2x10

o

25 C

-6

1.0x10

-7

8.0x10

-7

6.0x10

-7

4.0x10

-7

2.0x10

-3

-2

-1

0

1

2

-6

1.2x10

-6

1.0x10

o

-7

8.0x10

25 C

-7

6.0x10

-7

4.0x10

-7

2.0x10

-3

-2

Applied Voltage (Vg)

-1

0

1

2

Applied Voltage (Vg)

(a) HfO2

o

500 C anneal

o

900 C annealed

o

200 C
o

-6

1.6x10
-6
1.4x10
-6
1.2x10
-6
1.0x10
-7
8.0x10
-7
6.0x10
-7
4.0x10
-7
2.0x10

o

25 C
-3

-2

-1

0

1

Capacitance (F/cm2)

Capacitance (F/cm2)

200 C

-6

1.6x10
-6
1.4x10
-6
1.2x10
-6
1.0x10
-7
8.0x10
-7
6.0x10
-7
4.0x10
-7
2.0x10

2

o

25 C

-3

-2

Applied Voltage (Vg)

-1

0

Applied Voltage (Vg)

(b) x = 0.22, (HfO2)x(SiO2)1-x

103

1

2

o

900 C annealed

200 C

2

Capacitance (F/cm )

Capacitance (F/cm2)

o

o

500 C annealed

-6

1.0x10
-7
9.0x10
-7
8.0x10
-7
7.0x10
-7
6.0x10
-7
5.0x10
-7
4.0x10
-7
3.0x10
-3

-2

-1

0

1

2

-7

9.0x10
-7
8.0x10
-7
7.0x10
-7
6.0x10
-7
5.0x10
-7
4.0x10
-7
3.0x10

3

o

25 C

-3

-2

-1

Applied Voltage (Vg)

0

1

2

3

Applied Voltage (Vg)

(c) x = 0.46, (HfO2)x(SiO2)1-x

o

o

o

900 C annealed

200 C

500 C annealed

o

Capacitance (F/cm2)

Capacitance (F/cm2)

25 C
-7

5.5x10
-7
5.0x10
-7
4.5x10
-7
4.0x10
-7
3.5x10
-7
3.0x10
-7
2.5x10
-3

-2

-1

0

1

-7

5.0x10

-7

4.5x10

-7

4.0x10

-7

3.5x10

-7

3.0x10

-7

2.5x10

2

-3

-2

Applied Voltage (Vg)

-1

0

1

Applied Voltage (Vg)

(d) x = 0.8, (HfO2)x(SiO2)1-x
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x
1.0 (HfO2)
0.75
0.50
0.25
0.0 (SiO2)

Si 2p3/2 [Si4+]
B.E.
width
102.97 eV 1.28 eV
102.87 eV 1.23 eV
102.82 eV 1.24 eV
102.85 eV 1.27 eV
---

Hf 4f7/2
B.E.
width
18.17 eV 1.24 eV
18.08 eV 1.16 eV
17.99 eV 1.14 eV
18.06 eV 1.17 eV
---

Table 3.1. Binding energy and peak width of SXPS Si 2p3/2 and Hf 4f7/2

Alloy
composition,
x (+0.03)

O 1s core
level
binding
energy
(eV + 0.2)

0.00
0.06
0.08
0.11
0.19
0.24
0.30
0.37
0.39
0.52
0.61
0.68
0.80
1.00

533.07
532.59
532.27
532.24
532.37
532.14
531.92
531.80
531.77
531.15
531.04
530.69
530.26
530.03

Hf core level
binding
energy
(eV + 0.2)
4f7/2
4d5/2
17.59
17.26
17.25
17.38
17.31
17.29
17.13
17.24
16.70
16.73
16.49
16.12
16.21

214.16
213.84
213.72
213.96
213.74
213.70
213.56
213.54
213.15
213.16
212.97
212.62

Si 2p core
level
binding
energy
(eV + 0.2)

O KVV
kinetic
energy
(eV + 0.2)

103.36
102.77
102.41
102.41
102.50
102.36
102.18
102.24
102.13
101.60
101.67
101.41
101.14

506.17
507.38
507.09
507.24
507.29
507.58
507.99
508.03
508.36
509.34
509.41
510.42
510.59
510.79

Table 3.2. XPS peak positions for O 1s, Hf, Si 2p and O KVV
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CHAPTER 4. Summary and Conclusion

4.1. Liquid and powder precursor

As-deposited Hafnium oxide, HfO2, thin films which were prepared by Remote
Plasma Enhanced Chemical Vapor Deposition (RPECVD) system with Hf-t-butoxide,
Hf[CO(CH3)3]4, and Hf-nitrato, Hf(NO3)4 were compared. Hf-t-butoxide is liquid phase
precursor and Hf-nitrato is a solid phase precursor. Liquid precursor has carbon and
hydrogen in its chemical structure. Compared to the liquid source, the powder precursor
doesn’t have carbon and hydrogen. HfO2 with Hf-nitrato precursor turned out to be
crystalline with monoclinic phase. Its XRD has a (-1 1 1) monoclinc peak, and sharp
FTIR features show that it is crystalline. However, HfO2 with Hf-t-butoxide was
amorphous. An ideal gate oxide material should be amorphous because grain boundaries
in the crystalline phase provide high leakage current paths.

As-deposited HfO2 with liquid precursor was amorphous. When it was annealed from
500oC to 900oC, it showed crystallization at 700oC with FTIR. Broad feature of
amorphous phase becomes a sharp feature of crystalline phase in the FTIR. O-H and CH/C-O bonds are in the films at around 1550 / 3500 cm-1 and 1400 cm-1 wave numbers,
respectively. This is because liquid precursor, Hf-t-butoxide, has carbon and hydrogen in
its source. Considering that there is not carbon and hydrogen in the Hf-nitrato solid
precursor, O-H bond inside the film may be the reason why HfO2 with liquid precursor is
amorphous.
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4.2. Alloy Comosition

(HfO2)x(SiO2)1-x alloy composition was changed by varying the silane flow rates
and bubbler pressure. For the current study, the needle valve at the above of the bubbler
was fixed at 30 Torr. Rutherford Backscattering Spectroscopy with on-line Auger
Electron Spectroscopy was obtained to calibrate the composition. For AES, Hf NVV / O
KVV peak-to-peak ratio was used based on the assumption that AES intensity is
proportional to the number of atoms/volume. With this calibration, AES and RBS alloy
composition showed linear relationship.

4.3. FTIR and XRD

As-deposited Hf-silicates films and 900oC annealed films were compared with
FTIR to show the systematic change of bonding and chemical structure. As was expected,
each HfO2 molecule added to amorphous SiO2 random network results in four terminal
Si-O1- bonds, one Hf4+ and 4 dative bonds at the composition less than 50 % of HfO2.
Above 50 % of HfO2, there is continuous transition from corner connected SiO4 of x =
0.0 to isolated SiO44-. During this transition from SiO2 to HfSiO4 and HfO2, coordination
number of oxygen changes from 2 to 3 and 4 to maintain the local change neutrality.
FTIR result of as-deposited Hf-silicates showed this trend. At the low wave number side
of Si-O-Si stretching mode, a shoulder with Si-O1- became more significant as more HfO2
is mixed into the SiO2 matrix. And a Hf-O stretching mode at approximately 400 cm-1
decreased as the content of SiO2 increased. At 900oC annealing FTIR feature showed
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sharper Hf-O stretching modes and shift to the higher wave number. X = 0.84 of Hfsilicate showed phase separation by FTIR and was verified by XRD as a tetragonal and
monoclinic phase mixture.

4.4. Valence Band Offset Energy with XPS and AES

Following R. T. Sanderson’s partial charge transfer model, with the principle of
electronegativity equalization, the linear relationship between alloy composition and XPS
binding energy and AES kinetic energy was observed. Binding energy changes of O 1s
peaks of end-members and Hf-silicates and their tilted peaks showed that oxygen
coordination was changed from 2 to 3 and 4. On the contrary, Hf 4d and Si 2p peaks were
symmetric from x = 0 to x = 1, which means their coordination numbers were maintained
as 8 and 4, respectively. SiO2 has a higher binding energy and covalent bond while HfO2
has lower binding and ionic bonds. O 1s peak of 900oC annealed silicate showed phase
separation with wider symmetric peak than tilted peak.

The binding energy difference between end-members is equivalent to the band
gap energy difference and was about 3 eV. AES kinetic energy difference of 1 eV
between direct spectra and differentiated spectra is due to different FWHM of O KVV
peaks. The relation ship between O KVV kinetic energy and O 1s binding energy allowed
to have valence band offset energies of (HfO2)x(SiO2)1-x corresponding to the Si valence
band. Sigmoidal dependence of valence band offset energy change as a function of alloy
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composition reflected sigmoidal characters of XPS O 1s and AES O KVV chemical
shifts.

4.5. Conduction Band Offset Energy with XAS

From ab-initio theory, O K1 edge spectra are known to reflect the alloy behavior
of conduction band states, which is absorption from oxygen core level to the conduction
band state of O 2p*. Independent relative energy difference between Si 3s* and Hf 5d*,
which was consistent with the same slope of Si 2p and Hf 4d chemical shift from XPS,
meant there is fixed localized Hf 5d* at the bottom of the conduction band. Combining
with the trend of valence band offset energy, band gap energy changes as a function of
alloy composition would be expected to follow the same sigmoidal dependence of
valence band offset.

4.6. Band Gap Energy with VUVSE

Optical absorption edges from VUVSE were obtained to verify the sigmoidal
dependence of band gap energies as a function of alloy composition. Band gap energy
was decreased significantly at x = 0.5 and not changed noticeably at x = 1.0. Sigmoidal
dependences of Si 3s* and Hf 5d* were not related to each other linearly, but weighted to
fit the experimental result. It can be interpreted that there is more effect of SiO2 than that
of HfO2.
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4.7. Direct Tunneling Current

Tunneling current with WKB simulation based on this band offset study and
Franz band model was not the minimum at the x = 1.0 which was the expectation for the
high k dielectric gate oxide material. Instead, it turned out bowing down to the x = 0.6,
which matched well with the experimental data. The non-linear trend, where x = 0.6
showed the least leakage current, occurred because increases in physical thickness were
mitigated by reductions in band offset energies and effective mass for tunneling.

This study verified that (i) there is 1.3 + 0.2 eV conduction band offset in the
(HfO2)x(SiO2)1-x alloy system, and (ii) valence band offset changes with a sigmoidal
dependence, and (iii) band gap changes follow the sigmoidal dependences of SiO2 and
HfO2 with weighted on SiO2 composition. The tunneling current as a function of alloy
composition is not linearly decreased as the content of HfO2 increases and dielectric
constant increases. This is because of the fixed conduction band offset energy in the
Hafnium Silicate alloys regardless of alloy composition. Our assumption and approach to
figure out why the non-linear trend in leakage current was observed through the
dissertation.

4.8. Electrical Characterization

C-V curves on Hf-silicates were compared with each other. More hysteresis is
observed as the HfO2 content is increased. Behaviors of temperature dependent C-V
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curves were interpreted by trapping of electrons. Positive fixed charge was confirmed
with x = 0.77 on flat band voltage vs. EOT plot. Poole-Frenkel tunneling was confirmed
as the leakage current mechanism by J/E vs. E1/2 plots on x = 1.0 and 0.27 Hf-silicates.
Nitridation was done to suppress EOT instability. According to the temperature
dependent J vs. V curve, trap depth can be located by calculating activation energy for
the carrier activation process. At low temperature it was due to the tunneling into the bulk
trap. At high temperature, it is because of the trap release into the conduction band. These
interpretations are applicable to the reverse direction of hysteresis of Hf-silicate at the
high temperature. The sum of the two activation energies (1.3 eV) is consistent with the
known/calculated Hf 5d* state. And it verifies that leakage mechanism is Poole-Frenkel
tunneling. Remote plasma nitridation with interface nitrogen reduces EOT by
approximately 2 nm, and also reduces fixed charge by around 1.6 times.

4.9. Future Work

This study showed a non-linear sigmoidal compositional dependence of valence
band offset energy and located conduction band offset energy with about 1.3 + 0.2 eV
above the Si conduction band edge by spectroscopic investigation. Electrical
investigation with activation energy calculation by leakage current measurement may be
another method to verify this conduction band offset. The similar study was already
reported with Aluminum oxide alloy with other high k oxide materials, HfO2 and Ta2O5.
In terms of device properties, only I-V and C-V curves are shown in this dissertation.
However, much more electrical investigation related with device property to satisfy ITRS
114

roadmap is needed, e.g. Dit and oxide reliability. The nitridation effect needs specific
research from the spectroscopic study to the electrical characterization.
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Chapter 5. Current Research Issues on High k gate dielectrics

During the 2002 and 2003 SRC/FEP reviews, the material and device properties
necessary to meet scaling requirements for aggressively-scaled devices were addressed..
Hf and Zr based gate stacks, including either oxides, silicate, and nitrided oxides and
silicates were among the materials that displayed material and device properties that
could meet some of the scaling requirements, e.g., EOTs extending to at least 0.8 nm.
However, some issues for high k alternative gate dielectrics still required additional
study.. These include the (i) gate leakage, (ii) thermal stability, (iii) interfacial layer
formation, (iv) EOT control and environmental sensitivity, (v) channel mobility, (vi)
achieving 0.5 nm EOT, and (vii) high k stability with poly-Si and metal gate electrodes.
This chapter will not attempt to issues regarding poly-Si and metal gate electrodes since
they are beyond the scope of the research reported in this thesis..

This thesis has addressed (HfO2)x(SiO2)1-x gate dielectrics, and their interface with the Si
substrate current. The minimum tunneling leakage current was demonstrated to be
obtained at intermediate alloy compositions with x in the range from bout 0.4 to 0.6,
rather than at the end-member oxide composition. This was predicted by a WKB-based
simulation of the tunneling current, and by experiment in a collaboration with Professor
Osburn’s research grouo.. The XPS and AES studies of this paper, and a collaboration
with Chris Hinkle of our research group, confirmed that this was due in large part to i) the
fixed energy of the localized Hf 5d* state that defines the bottom of the conduction band
and its fixed relative energy with respect to the Si conduction band and ii) to the small
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effective tunneling mass of HfO2 as determined from resonant tunneling studies.
However, the leakage current reductions relative to SiO2 and the ITRS requirements are
sufficient to meet the requirements of devices for next two or three generations,
extending to at least 2007.

The deal material for a gate oxide dielectric should be amorphous to reduce the leakage
current through grain boundary of crystalline leakage paths that generally have high
levels of electronically-active defects due to dangling bonds and/or chemical impurities.
Therefore, the end member HfO2 may have to be eliminated from the candidate list based
on its low crystallization temperature of 700oC as determined in this thesis study.
Crystallization temperatures are improved significantly in silicate alloys, similar to what
has been reported for the Zr silicates.. In general, Hf silicates display chemical phase
separation into a mixture of crystalline HfO2 and amorphous SiO2. This limits the values
of x to those below about 0.6, providing increases in k that cannot meet scaling
requirements beyond 2007, and in particular targeted EOT values of 0.5 nm. Nitrogen
incorporation and alloying with Al2O3 provide another way to increase crystallization
temperatures, however they introduce other problems. For example, alloying with Al2O3
introduces negative fixed charge that it is not compensated by the positive fixed charge of
the HfO2 component. The microscopic origin of these fixed charges are being addressed
by our group and others as well. Addition of nitrogen has some benefits including (i)
increasing the crystallization temperature, (ii) reducing the impurity penetration into the
dielectric and to the substrate, (iii) reducing oxygen diffusion and interfacial oxidation,
(iv) stabilizing EOT at high temperature, and (v) lower leakage current at the same EOT.
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However, nitrogen induces positive fixed charge, and it piles up at the interface leading to
reduction in channel mobilities, high trap densities and higher J-V hysteresis.

In spite of thermal stability results that include thermodynamic data, for Hf (Zr) based
dielectrics and other solid phases including Hf (Zr) silicides and SiO2, Hf (Zr) based are
not stable when they are in direct contact with Si. This derives from evolution of the
gases product SiO. From our group’s previous research with Si oxynitride gate dielectrics,
a 0.6 nm SiO2 layer with monolayer interface nitrogen incorporation is the most
promising interface layer for gate stacks that include deposited dielectrics such as the Hf
silicate alloys of this thesis. This interface layers reduces the gate leakage current through
nitrogen bonding. It also results in low interfacial fixed charge and interface traps,
thereby maintaining channel mobilities with values comparable to those in Si-SiO2
devices.. However, high levels fixed charge and interface traps are note as effectively
eliminated in Hf silicate and oxide devices giving rise to low channel mobilities and
current drive that does not meet ITRS scaling requirements.

Non-stoichiometry of Hf (Zr) based oxides induces unstable EOT values through SiO2
growth at interfaces during high-temperature post deposition anneals and processing.
These effects can be significantly reduced by remote plasma enhanced chemical vapor
deposition, with remote plasma assisted oxidation and nitridation for interface formation,
but at reductions in attainable values of EOT. For example, oxygen diffusion leading to
interfacial layer growth, and boron penetration from poly-Si gates can be suppressed by
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top surface nitridation. Interfacial nitridation improves EOT stability by inhibiting
interfacial reactions between Hf and Zr based gate dielectrics and the Si substrate.

Experimental results on channel mobility have been reported; 90% of SiO2 electron
mobility with D2-annealed/nitrided PVD HfO2 by the group at UT-Austin, and 100% of
SiO2 hole mobility with nitrided Hf silicate by TI. More research on channel mobility
control is necessary to verify these results. For examples. corrections for charge trapping
in channel, tunneling current leakage and remote charge scattering must be addressed,
and microscopic mobilities must then determined taken these effects into account..

Other dielectrics are being addressed included group IIJB (Y, La) silicates and aluminates.
These have higher tunneling barriers and large tunneling masses than the Hf silicates of
this study, and may provide a pathway to achieving EOT values approaching 0.5 nm.
However, much research is necessary to evaluate these alternative gate dielectrics..

Finally, Hf silicates with nitrogen incorporation at the interface and the bulk are at
present among the most most promising dielectrics with respect to low leakage current,
high crystallization temperatures and good EOT stability. However, there are still many
issues to be studied; symmetric interface behavior in N-/P- channel MOSFETs, the
effects on mobility of charge trapping and remote phonon scattering. However, as noted
above it is note likely that Hf based dielectrics will give EOTs values much less than 0.8
nm in bulk CMOS devices. Incorporation of these dielectrics in other device
configurations, may lead to pathways for further reductions in EOT.
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Appendix A.
MOS CAPACITOR PROCESS
A.1. Introduction
An Al gate-electrode MOS device was fabricated by two photo masks; (i) Active
and (ii) Poly.
A.2. Process Sequence
1.

Label Wafers : Scribe identification on backside of wafer

2.

Cleaning : Remove organic and metallic contamination from the wafer
• 5 min in JTB 100 followed by a 5 min rinse in DI

3.

Field Oxide – 200 nm
• Furnace: D1 (wet/dry/wet oxidation)
• Temperature/Time: 1000oC, 10/26/10 minutes, w/HCl
• Post Oxidation Annealing : 1000oC, 20 minutes, w/N2
• Thickness measurement (measured with NANOMETRICS)

4.

Photo Lithography #1 : define the active area using “ACTIVE” mask
• Dehydration bake at 150oC for 5 minutes
• Photo resist (PR) coating (i. Primer, ii. 5000 rpm, 40 seconds)
• Pre-exposure bake : 115oC, 1 minute
• Exposure : 20 seconds
• Development : 30 seconds
• Post-development bake : 115oC, 5 minutes

5.

Descum : remove/etch a residual PR from active area (plasma etch)
• System: March Instruments PM600 asher
• O2 plasma etch, 300W, 0.6 Torr, 3 minutes, program #1

6.

Field oxide etch : create an active area
• BOE 10:1 dip, 10 sec over etch after the backside dewets
• DI water rinse : 5 minutes
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7.

PR removal : wet etch of PR
• Nano Strip : 10 minutes
• DI water rinse : 5 minutes

8.

Cleaning : remove organic contamination from the wafer
• JTB 111 : 10 minutes
• DI water rinse : 5 minutes

9.

Sacrificial oxide formation : Smooth the interface
• Furnace: D3 (dry oxidation)
• Temperature/Time: 900oC, 20 minutes, w/o HCl
• Post Oxidation Annealing : 900oC, 20 minutes, w/N2

10.

Gate formation : remote plasma gate dielectric formation
• HF dip (50:1 diluted HF)
• Gate dielectric formation
• Post oxidation annealing : RTA with various temperature

11.

Al evaporation : gate electrode formation
• Target thickness : 250 nm
• Resistor heat evaporator

12.

Photo Lithography #2 : define the probe-pads using “POLY” mask
• Dehydration bake at 150oC for 5 minutes
• Photo resist (PR) coating (i. Primer, ii. 5000 rpm, 40 seconds)
• Pre-exposure bake : 115oC, 1 minute
• Exposure : 20 seconds
• Development : 30 seconds
• Post-development bake : 115oC, 5 minutes

13.

Al etch : make probe-pads
• Wet etch (H3PO4:HNO3:CH3COOH = 16:1:1), 45oC

14.

PR removal : wet etch of PR
• Accu strip, 10 minutes

15.

Backside etch : remove native oxide on the backside of wafer
• BOE wet etch using Q-tip until dewet
• DI water rinse : 5 minutes
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16.

Al evaporation (backside) : make metal contact
• Target thickness : 150 nm
• Resistor heat evaporator

17.

Post-metal annealing : incorporate H2 at the interface
• Forming gas anneal (H2/N2), 400oC, 30 minutes
• Can be done before step #11
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